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ABSTRACT
THE REGULATION OF POLYAMINES AND THEIR ROLE
IN THE PROLIFERATION OF HeLa CELLS

by
ANDREW ANGELO BRANCA
University of New Hampshire, September,

1980

Ornithine decarboxylase activity was stimulated in
high-density HeLa cell cultures by dilution of or replace
ment of spent culture medium with fresh medium containing
10% (v/v) horse serum.

After stimulation, ornithine

decarboxylase activity reached a peak at 4-6 h. then
rapidly declined to the low enzyme activity character
istic of quiescent cultures, where it remained during the
remainder of the cell cycle.

The stimulation of ornithine

decarboxylase was eliminated by the addition of 0.5 pMspermine or spermidine or 10 pM-putrescine to the HeLa
cell cultures at the time of refeeding with fresh medium.
Much higher concentrations (1 mM) of the non-physiological
diamines,

1,3-diaminopropane or 1,3-diamino-2-hydroxy-

propane, were required to eliminate the stimulation of
ornithine decarboxylase in refed HeLa cell cultures.
heat labile, non-diffusible inhibitor, comparable with

A \

the inhibitory protein ornithine decarboxylase-antizyme,'
was induced in HeLa cells by the addition of exogenous
diamines or polyamines.
eliminated,

Intracellular putrescine was

intracellular spermidine and spermine were

severely decreased and proliferation of HeLa cells was
inhibited when cultures were maintained for 48 h. in the
presence of the non-physiological inducer of ornithine
decarboxylase-antizyme,

1,3-diamino-2-hydroxypropane.

Exogenous putrescine, a physiological inducer of the anti
zyme, did not decrease intracellular polyamines or inter
fere with the proliferation of HeLa cells.
HeLa cells which were synchronized for DNA synthesis
in the presence of 1,3-diamino-2-hydroxypropane (1.0 mM)
and

-difluoromethylornithine (1.0 mM) exhibited a

severe deficiency in S phase DNA synthesis and cell pro
liferation.

This deficiency was reversible in that

exogenous addition of polyamines at the beginning of S
phase in the presence of oC-difluoromethylornithine led
to a restoration of the normal kinetics of S phase DNA
syntheses and cell proliferation.

The deficiency in DNA

synthesis was also found in nuclei isolated from polyaminedepleted cells.

Addition of spermidine _in vitro to the

isolated nuclei failed to restore the deficiency in DNA
synthesis.

Restoration of DNA synthesis in nuclei isolated

from polyamine-depleted cells was accomplished by addition
of 40 pM spermidine to the cultures 28 h. prior to the
isolation of nuclei.

xv

I.

INTRODUCTION

The Early History of the Poiyamines

The polyamines spermidine and spermine are low
molecular weight aliphatic nitrogenous oases containing
three and four amine groups respectively:

H N(CH ) NH(CH ) NH_
2
2 3
2 4 2
spermidine

H N(CH ) NH(CH ) NH(CH ) NH
2
23
24
2 3 2
spermine

Putrescine and cadaverine are diamino-alkanes of four and
five carbons respectively:

H N(CH ) NH
2
2 4 2
putrescine

H N (CH ) NH
2
2 5 2
cadaverine

These compounds are ubiquitous in the living world and
interestingly, the synthesis of

1

spermine is restricted to

eukaryote organisms while both prokaryotes and eukaryotes
are able to synthesize putrescine, cadaverine and spermi
dine.
The discovery of spermine in 1687 by von Leeuwenhoek
preceeded the discovery of the nucleic acids by Miescher
by nearly two-hundred years.

Polyamine research in the

last thirty years has led to the understanding that these
chemically simple organic molecules play an important role
in the biosynthesis of both nucleic acids and proteins.
The early history has been reviewed elegantly by
Cohen (1) and this fascinating account is highly recom
mended to one interested in the polyamines or to one who
enjoys the history of science.

Since the initial discovery,

the study of polyamines has involved prominent figures in
chemistry and medicine,

including Vacquelin and Charcot (1).

Like the microscope with which they were discovered,

the

polyamines have held the interest of a diversity of biolog
ical scientists and, nearly three-hundred years later, these
molecules are being studied widely by scientists in bio■f

chemistry, molecular biology and medicine.
The discovery and structures of putrescine and cadav
erine were reported in 1885 and confirmed by synthesis in
1886 (1), while the structures of spermidine and spermine

were not elucidated until 1924 by Rosenheim (2).

These

studies represent the end of the early stages of the study
of polyamines and the beginning of the modern era of
studies dealing with the functions of these molecules.
Nothing was known of the possible functions of these mole
cules until the pioneering work of Herbst and Snell in
1948 (3).

The demonstration that Haemophilus parainflu-

enzae required putrescine for growth was the seed for the
crystalization of the entire modern era of research on the
role of the polyamines in the proliferation of cells.

The Biosynthesis of the Polyamines

The pathway for the biosynthesis of putrescine and
spermidine was first established in microorganisms (4,5).
In bacteria, putrescine is formed either by the decarbox
ylation of L-ornithine to yield putrescine directly or by
the decarboxylation of L-arginine to agmatine followed by
the subsequent hydrolysis of agmatine to putrescine and
urea.

Cadaverine is formed by the decarboxylation of

L-lysine.
The literature on ornithine decarboxylase, arginine
decarboxylase and agmatine ureohydrolase has been reviewed
(6).

Both pathways for the synthesis of putrescine are

present in Escherichia coli, but putrescine is derived in

I.
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animal tissues from ornithine only.

Arginine decar

boxylase from E. coli and the ornithine decarboxylases
from both bacteria and animal tissues require pyridoxal
phosphate as a cofactor (7).

Early studies on ornithine

decarboxylase from the ventral prostate of the rat demon
strated the formation of putrescine from ornithine and the
stabilizing effects of thiol compounds on purified prepara
tions of the enzyme (8).

Dithiothreitol (Cleland's reagent)

prevented the polymerization of ornithine decarboxylase to
enzymatically-inactive forms (9).
■i

The synthesis of putre

scine from ornithine was also reported in the developing
chick embryo (10), regenerating rat liver (11), Ehrlich
ascites tumor cells (12) and in the central nervous system
(13).
Ornithine decarboxylase was first purified by J&nne
and Williams-Ashman from the ventral prostate of the rat
(8).

More recently, Obenrader and Prouty (14,15) purified

rat liver ornithine decarboxylase and found two distinct
forms of the enzyme (differing in their Km

for pyridoxal

phosphate), upon elution from activated thiol-Sepharose
columns.

Both forms were found to be dimeric proteins with

a molecular weight of 100,000 (M ) each.

Each subunit was

approximately 50,000 (M^_) as indicated by SDS-polyacryla-

mide electrophoresis.

The most rapid method for the

purification of ornithine decarboxylase to apparent homo
geneity was reported by Boucek and Lembach (16).

Orni

thine decarboxylase from serum-stimulated SV101 cells
(3T3 mouse fibroblasts transformed by SV40

virus) was

purified by DEAE-cellulose chromatography and affinity
chromatography on activated agarose coupled with pyridoxamine phosphate.

The yield, purity and convenience of this

method surpass any previous procedures for the purification
of the enzyme.
The first demonstration that radioactive putrescine
was incorporated into spermidine in E. coli was reported
by Tabor et al.f (17).

The same authors

(5), also demon

strated the incorporation of putrescine into spermidine and
spermine in Aspergillus nidulans.

The aminopropyl group

required for the synthesis of spermidine and spermine was
shown to be derived ultimately from methionine by Greene
(18) working with Neurospora crassa.

The Tabors and Rosen

thal (4,5,19) studied the mechanism of spermidine synthesis
in cell-free extracts of _E. coli and found that ATP and
Mg

2+

were required.

They

demonstrated the decarboxylation

of S-adenosylmethionine and the subsequent transfer of the
propylamine group from S-adenosylmethylthiopropylamine to
putrescine forming spermidine and methylthioadenosine.

6
S-Adenosylmethionine decarboxylase was purified from
E. coli to homogeneity and was shown to contain pyruvate,
rather than pyridoxal phosphate, as a cofactor, and re2+

quire Mg

for activity (20,21).

The aminopropyl trans

ferase for the transfer of the aminopropyl moiety to
putrescine to form spermidine has been named spermidine
synthase.

The spermidine synthase of E. coli has been

purified to homogeneity and has no known cofactors (22).
The synthesis of spermidine and spermine in eukaryotes
occurs by the same pathway as in bacteria with a separate
aminopropyl transferase (spermine synthase)

for the trans

fer of a second aminopropyl group to spermidine to form
spermine.

Rat liver and yeast S-adenosylmethionine

decarboxylases have been purified to homogeneity and require
putrescine or spermidine for activity, but are not stimulated
by Mg

(23,24,25).

Two different aminopropyl transferases

(spermidine and spermine synthases) have been purified from
mammalian tissues (26,27).
The only known degradative pathways for polyamines
involve oxidative reactions.

In 1961, Halevey et al., (28)

discovered that very low amounts of spermine (2.5 ^iM) exert
a toxic effect on chick embryo fibroblasts cultured in calf
serum.

These effects were due to an amine oxidase in the

7
serum which converts polyamines to highly toxic aminoaldehydes.

Alarcon (29) demonstrated that the toxic

compound acrolein was produced by the oxidation of
polyamines by plasma amine oxidase.
Recently, a unique oxidase, specific for the poly
amines, was found in the peroxisomes of rat liver.

This

enzyme converts spermine to spermidine, aminopropionaldehyde and H^O

(30).

Most recently, Potter and his

colleagues have demonstrated that there are two distinct
enzymes in bovine serum, a putrescine oxidase and a
spermidine oxidase (31).

Relationship of the Polyamines to Growth:
Early Observations

Since the original work of Herbst and Snell in 1948
research on the role of the polyamines in growth and
proliferation of cells has encompassed a wide range of
experimental systems.

Other microorganisms which were

shown to require polyamines for growth are Neisseria
perflava (32) and Pasteurella tularensis (33).
One of the earliest indications that polyamines have
an important role in growth processes in animals was
reported by Raina (34) who demonstrated that there is an
accumulation of polyamines during the development of the

8
chick embryo.

In studies with rats, it was observed that

the spermidine content in various rat tissues was highest
in the newborn rat and decreased with age (35).
Using the regenerating rat liver system of Higgins
and Anderson (36), Dykstra and Herbst (38) and shortly
thereafter, Raina et al., (37) found that there is a
rapid accumulation of spermidine (but not spermine) in the
regenerating tissue.

Parallel with the accumulation of

spermidine was the accumulation of RNA and an increase in
RNA polymerase activity.

This correlation led to a question

which as yet remains unanswered:

Do the polyamines act as

activators or stimulators of nucleic acid synthesis or is
the synthesis of polyamines which parallels nucleic acid
synthesis a reflection of a structural or functional require
ment for polyamines in nucleic acid metabolism?

As organic

polycations the polyamines have a high affinity for nucleic
acids and the concept that they have a structural and
functional role in nucleic acid synthesis deserves attention.
The original observations on regenerating liver were
extended by other workers to studies on the role of the
polyamine biosynthetic enzymes in the accumulation of poly
amines.

Most noteworthy in this regard was the work of

Snyder et al., (39) who demonstrated that a marked increase
in ornithine decarboxylase activity following partial hepa-

9
tectomy was the source of the putrescine and ultimately
the spermidine accumulation in the liver.

Within 16 h.

following partial hepatectomy, the ornithine decarbox
ylase activity in the remaining tissue increased 25-fold
and was associated stoichiometrically with the formation
of putrescine.

Decarboxylation of other amino acids

(histidine, leucine, phenylalanine,

lysine or methionine)

was not enhanced following hepatectomy.
confirmed by other workers

These results were

(40).

In regenerating liver, an increase in RNA synthesis
precedes a synchronous wave of DNA synthesis (41), and the
increase in ornithine decarboxylase activity appears to be
more closely associated on a temporal basis with the
synthesis of RNA rather than DNA (39).

This interpre

tation leads to a second key question:

If polyamine

synthesis in proliferating tissue indeed reflects a function
al or structural requirement for polyamines in nucleic acid
synthesis, does this requirement involve a role for these
compounds in the synthesis of both RNA and DNA, or do the
polyamines have a function in the synthesis of one type of
nucleic acid and not the other?

This question is complicated

by the fact that RNA synthesis is required for the replica
tion of DNA in proliferating cells (42).

10
Snyder et al., (39) reported that growth hormone was
partially responsible for the regeneration of the liver and
the marked increases in ornithine decarboxylase activity.
When hypophysectomized rats were subjected to partial
hepatectomy, there was a delay in both the regeneration of
the liver and the increase of ornithine decarboxylase
activity.

The eventual increase in enzyme activity was only

abqut one-half of the increased activity in control rats
(partial hepatectomy only) and this activity declined to
the level of unoperated controls (no hepatecomy, no
hypophysectomy) more quickly than in hepatectomized animals.
The authors concluded that the pituitary gland may function
in a permissive role in the regenerative process since the
regeneration of the liver (and the enhancement of ornithine
decarboxylase activity) were delayed and reduced but not
completely prevented by hypophysectomy.

These workers also

demonstrated that there was no effect of thyroidectomy,
adrenalectomy, ovarectomy or castration on the regeneration
of the liver.

Interactions of the Polyamines with Nucleic Acids

In one of the earlier studies of the interactions of
the polyamines with nucleic acids it was demonstrated that

11
the polyamines could precipitate nucleic acids from
solution (43).

The association of the polyamines and

nucleic acid was prevented by high salt concentrations.
In a water-phenol system, commonly employed for the
extraction of DNA, the polyamines remain associated with
the DNA in the aqueous layer (44,45).

The association of

polyamines and DNA can be prevented by successive precipi
tation of the DNA by ethanol in the presence of salts.
Ames and Dubin (44) demonstrated that putrescine and
spermidine were bound tightly to the DNA of the T-even
phages and that they were injected together into the
bacterial host.
In another demonstration of the close association of
polyamines and nucleic acids it was found that these com
pounds protect DNA from thermal denaturation (46).

In this

study, Tabor was able to protect the transforming DNA of
Bacillus subtilis from denaturation and subsequent loss of
transforming properties when the DNA was heated to 75° C.
m

the presence of 10

-4

M spermine.

The transforming

properties were protected even when the DNA was heated at
o
90 C., a temperature 15 degrees higher than that required
for the denaturation of the naked DNA.

It was also shown

that in addition to the protection against thermal denatur
ation, spermine was capable of enhancing the potential of

12
the DNA to produce transformants.
The association of the polyamines with DNA was inter
preted by Tsuboi (47) and Liquori (48) to indicate that the
primary and secondary amino groups of spermidine and spermine
interact with the phosphates of DNA such that a single
polyamine could form a bridge across the narrow groove of
DNA.

X-ray analysis supporting this model indicated that

the primary amino groups were bound to phosphates on
opposite sides of the groove, while the secondary amino
groups were bound to phosphates on adjacent sugar molecules
on one side of the groove.

This model has been supported

by studies with nitroaniline-labelled reporter groups (49).
Other workers have demonstrated that the polyamines can
effect the stability of ribonucleotide polymers.

Polyamines

and diamines were found to stabilize the ordered state of
the synthetic homopolymer poly-U from thermal denaturation
(50).

The ordered state-random coil transition of poly-U

is measured by a characteristic hyperchromic shift with
increasing temperature.

Diamines were able to increase the

T of poly-U from 2 to 12 degrees higher than the T of the
111
m
molecule in the presence of an optimal Mg^+ concentration.
Spermidine and spermine were shown to increase the tempera
ture for this transition 20 to 25 degrees respectively in
comparison to the characteristic Tm of poly-U in the pres-

13
ence of optimal Mg

2+

concentration.

One of the more

important facets of this work was that the polyamines
were found to be more potent stabilizers than Mg

2+

.

This

data supports the concept that polyamines may be indispensible to the cell and may not be simply interchanged
with Mg

2+

in cellular processes involving nucleic acids.

Polyamines have been shown to bind tightly to ribo
somes (51).

This study demonstrated that in bacteria,

polyamines can neutralize at least one-third of the acidic
groups of ribosomal RNA.

Watson considered that the

polyamines may play a role in the neutralization of RNA
phosphate groups in E. coli ribosomes since the concentra
tion of intracellular Mg^+ is not adequate to neutralize
all of the phosphate anions (52).

However,

it is important

to note that mammalian ribosomes from pancreas and liver
are poor in polyamines in comparison to brain ribosomes
(53,54,55).

It should be considered that the polyamines

found in association with isolated ribosomes may not be
bound to ribosomes jln vivo.

However, Cohen and Lichten

stein showed that ribosome-bound polyamines did not exchange
with free polyamines in bacterial extracts

(56).

Similar

results with radioactively-labelled compound demonstrated
that putrescine did not exchange with ribosomal-bound
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diamine in a mutant of Psuedomonas which contained
putrescine as the only polyamine (57).
Siekovitz and Palade (53) demonstrated that incuba
tion of guinea pig pancreatic ribosomes with spermine led
to the displacement of Mg

2+

in a stoichiometric manner.

Other workers found that ribosomes from goat brain have a
high capacity for polyamines in that the total content of
spermidine can be increased up to three-fold upon incuba
tion of brain slices with spermidine (55).
The above studies demonstrate that, in many cases,
polyamines can bind tightly to ribosomes and that there are
additional polyamine-binding sites in isolated ribosomes
which can take up polyamines in amounts much higher than
-those found _in vivo.

In addition,

it has been demonstrated

that polyamines promote the aggregation of ribosomal subunits
from bacteria and animals

(56,58,59).

The polyamines have also been shown to play an important
role in the structure of tRNA.

Cohen et al., (60) found that

putrescine, spermidine and some unknown polyamine were
loosely aggregated with isolated tRNA from E. coli.

These

workers found that very little polyamine was found associated
with tRNA when procedures for isolation employed high salt
concentration.

They developed a procedure for the isolation
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of tRNA from mouse fibroblasts and E. coli utilizing low
ionic strength.

In other experiments, Cohen (61) found

that the ratio of spermidine to spermine associated with
tRNA changed with the different stages of the growth cycle
of L-cells (mouse fibroblasts).

tRNA isolated from

stationary phase cells had significantly more spermine
than spermidine (app. 3:1) whereas the tRNA isolated from
exponential phase cells was found to have slightly more
spermidine than spermine.

The same phenomenon was also

found with isolated rRNA.

It is interesting to note that

these ratios do not reflect differences in total cell
polyamines which were found to exist in a spermidine/
spermine ratio of 3:1 whether stationary or exponential
phase cells were studied.
These observations and those of others on the structure
or tRNA (62) led Cohen to suggest that spermidine may play a
role in the stabilization of the relatively small regions of
double-strandedness in the cloverleaf structure of tRNA.

He

also proposed that consideration be given to the concept that
polyamines might protect tRNA and rRNA from nuclease diges
tion in the cell.
Recently, Quigley et al., (131) have reported that there
are two molecules of spermine associated with tRNA (yeast)
when it is crystallized in the presence of the polyamine and
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analyzed by X-ray crystallography.

One molecule is

associated with the double-stranded region of the anti
codon stem and the other is found in the variable loop
where the polynucleotide chain makes a sharp turn.
estmgly, Mg

2+

was also found to be associated m

of the single strand where there was a bend.

Interregions

Unlike

spermine, which is bound by ionic attraction to phosphate,
Mg

2+

is complexed by coordination bonds to phosphate

oxygen.

These analyses indicate that spermine and Mg

2+

have different structural roles in the stabilization of the
tRNA structure.

Spermine, which binds ionically in the deep

groove of the double-stranded regions and also across the
turn of the variable loop was found to draw the negativelycharged phosphates together.

On the other hand, Mg

7+

,

through coordination bonding, was shown to fit into tight
bends of single-stranded regions whereby it could neutralize
the charge repulsion associated with the bend.

Cohen (132)

has also summarized the role of polyamines in the stabiliza
tion of the structure of tRNA.
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The Regulation of Intracellular
Polyamine Concentration

In previous sections of this dissertation,

the

correlation between polyamine synthesis and cell prolifera
tion was discussed.

The question of defining the correla

tion of polyamine synthesis, macromolecular synthesis and
cell proliferation can only be answered by the elucidation
of specific polyamine-mediated biochemical mechanisms in one
or more of the many complex cellular events which occur when
a cell prepares for division.
centrations in the

The regulation of polyamine con

cell must be closely integrated with the

commitment of a cell to undergo mitosis if there is a
specific role for polyamines in proliferating cells.

That

polyamine levels are indeed regulated closely with the
mechanisms of proliferation is a major theme in this dis
cussion.

Although the understanding of how polyamines are

regulated does not directly yield information about their
actual function(s), the relationship of their regulation to
other regulatory mechanisms of cell proliferation serves as
a framework from which the significance of specific poly
amine-mediated mechanisms can be evaluated.
Central to this discussion of polyamine regulation is
the concept of the animal cell cycle.

This subject has been
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reviewed most recently by Pardee et al. , (63).

The

division of animal cells is believed by many investigators
but not by all,

(64), to proceed through a series of stages

(the boundaries of which are vague at best)

in preparation

for mitosis.
These stages have been designated as:

(beginning

of the cell cycle),* S (replication of DNA and chromatin);
(condensation and segregation of chromosomes) and M
(mitosis, cell division).

Proliferating animal cells pro

ceed through the cell cycle in a repetitive fashion.

The

replication of DNA in animal cells during a discreet interval
sets them apart from prokaryotes which in many cases repli
cate their DNA continuously in culture during log phases of
growth.

A separate stage of the cell cycle, G , refers to
o

the quiescent state of cells which are not undergoing a
proliferation cycle.

Cells in the G state are considered
o

to have withdrawn from the cell cycle and can do so in a
reversible manner (as with reversal of serum deprivation in
cell cultures by serum replenishment).
One would expect that polyamine levels would be regula
ted in a manner which would allow the cell to make these
compounds when they are needed if they are indeed required
for a specific function in cell proliferation.

The
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correlation of polyamine synthesis and macromolecular
synthesis in proliferating cells suggests that the synthesis
of polyamines is regulated on a temporal basis with pro
liferative responses.

In order to understand this regulation

it is advantageous to attempt to define the relationship of
polyamine regulation to the animal cell cycle.

Whether

polyamines are regulated as a consequence of some higher
control mechanism in cell proliferation or the synthesis of
these compounds itself is part of this mechanism (or
actually mediates it) is a question central to the the
understanding of polyamine function.

This question was

raised earlier in the INTRODUCTION and it can be answered
by defining the relationship of polyamine synthesis to the
proliferation cycle.

If the polyamines have an important

role in mediating the response of a cell to a proliferative
stimulus (as possible gene activators), than their regulation
can be related to the nature of the stimulus and would effect
the completion of the proliferative response.

On the other

hand, polyamines may have a role in the synthesis of nucleic
acids by direct participation in the enzymatic or structural
processes involved.
It should be pointed out that neither of these hypo
theses necessarily excludes the other.

It is theoretically
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feasable for the polyamines to act in a dual fashion as
mediators of proliferative stimuli and as necessary (but
not sufficient) structural or functional components of a
given stimulus.

Using as a framework the molecular

events that are known in the cell cycle would allow for
the elucidation of possible polyamine-mediated macromolec
ular synthetic mechanisms and the evaluation of their
possible role in gene activation.
One of the best tools to study the animal cell cycle
is the culture of proliferating animal or human cells.
Such cells, commonly referred to as cell lines, prolifer
ate indefinitely in culture and are thus considered to be
undergoing the stages of the cell cycle in a repetitive
and definable manner.

The culture media usually contains

glucose, amino acids, vitamins and salts as nutrients and
human or animal serum which contain a variety of growth
factors necessary for cell proliferation.
The subject of the growth factors present in serum has
been reviewed (65).

A major area of research is to culture

cells in completely defined chemical media which are
supplemented with purified growth factors.

In this way,

the roles of individual factors and combinations of these
factors can be determined.

Cells which are deprived of
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serum become quiescent (G ), and can be stimulated to
o
divide if the medium is replenished with serum.

A wide

variety of biochemical changes occur prior to the initia
tion of DNA synthesis.

This array has been referred to as

the "pleiotropic response"

(66).

It has been difficult to

relate the many biochemical events in this response and it
is not known if the cell cycle exists as a linear sequence
of dependent events or whether it consists of several
relatively independent pathways (63).

This last point is

important in the consideration of polyamine regulation.
By attempting to relate the regulation of the polyamines to
other regulatory mechanisms in proliferative responses,
knowledge of the role of polyamines and of the nature of
the cell cycle (with respect to dependent and independent
mechanisms) can be obtained.

Specifically, our task is to

evaluate the role of polyamines in macromolecular synthesis
and to relate the regulation of polyamines and macromolecu
lar synthesis to the animal cell cycle.
The mechanism of the stimulation of ornithine decarbox'
ylase by replenishment of serum in cell cultures is not
known.

Increases in ornithine decarboxylase activity and

putrescine formation in CHO cells stimulated to divide by
serum occur primarily in G^, while the synthesis of spermi-
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dine and spermine increases only after the initiation of
DNA synthesis

(67).

Although a great deal of work has been

done involving the actions of growth-promoting hormones on
polyamine synthesis in vivo, specific hormone or growth
factor-dependent effects in cell cultures have not been
demonstrated as clearly.
Dilution of quiescent, high density rat hepatoma cells
(HTC) in suspension culture with fresh medium containing
10% calf serum resulted in a 30-fold increase in ornithine
decarboxylase activity within 3.5 h.

(68).

A parallel

increase in the half-life of the enzyme (from 15 to 90
min.) was found.

This increase in half-life occurred in

cells grown in chemically-defined media

(glucose,

and vitamins), if amino acids were added.

salts

The increase in

enzyme activity in chemically-defined media was also absent
if the amino acid mixture was omitted and was enhanced if
serum was also included.

Addition of 5 mM glutamine to the

chemically-defined media was sufficient to cause an increase
in the enzyme activity.

The ten-fold increase in ornithine

decarboxylase activity by glutamine addition was smaller
than that seen with serum addition and was enhanced by serum.
The increases in enzyme activity in HTC cells grown in
complete medium (+ 10% calf serum) were inhibited 50% by
levels of actinomycin D that inhibited RNA synthesis by 95%,

23
indicating that transcriptional control is involved at least
in part in the induction of the enzyme.

The half-life of

ornithine decarboxylase in HTC cells was shown to be
increased from 10 to 17 min. by 5 mM glutamine and from
8 to 13 min. by serum.

Therefore, the increases in orni

thine decarboxylase activity in HTC cells can be attri
buted to an increase in the synthesis of new mRNA and an
increase in the half-life of the enzyme.

Serum factors

and amino acids, particularly glutamine, appear to play a
role in these mechanisms.

Increased synthesis of enzyme

protein from a pre-existing message is also possible.
More recently, Chen and Canellakis (69) demonstrated
that maximum induction of ornithine decarboxylase activity
in neuroblastoma monolayer cultures (Mouse N18)

in

chemically-defined medium could be accomplished by addition
of 10 mM asparagine.

The half-life of the enzyme in the

presence of asparagine was increased from 15 to 400 min.
within 4 h.

The stimulation of enzyme activity was inhibited

only 10% by actinomycin D.

Since the induction of ornithine

decarboxylase by serum is partially prevented by actinomycin
D, the mechanism of induction must at least in part be
different from that of asparagine induction of the enzyme
activity.
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In the studies above, stimulation of ornithine
decarboxylase activity m

6 2
N18 cells by cAMP or N ,0 -

dibutyryl cyclic AMP (Bt cAMP) was also shown to be
2
dependent upon the presence of asparagine in the chemi
cally-defined media.

Other workers had demonstrated that

the induction of ornithine decarboxylase activity in HTC
cells by Bt^cAMP or dexamethasone was completely prevented
by actinomycin D or cycloheximide (70) .
have determined that CHO cells
blasts)

Costa and Nye (71)

(Chinese Hamster Ovary fibro

in monolayer culture have similar mechanisms for

induction of ornithine decarboxylase in chemically-defined
media.

With these cultures, a role for cAMP was indicated

in that in the presence of 10 mM asparagine, maximal
stimulation of enzyme activity was achieved by the addition
of Bt^cAMP or agents which enhance cAMP levels intracellularly such as prostaglandin E_^ (PGE^) and 3-isobutyl-lmethylxanthine (IBMX).
to require asparagine.

All of these mechanisms were shown
The stimulation of enzyme activity

by asparagine alone was not affected by actinomycin D but
was partially prevented by cycloheximide indicating that
protein (but not RNA) synthesis is required in the aspara
gine mechanism.

All enhancement by serum or cyclic nucleo

tides was completely abolished by actinomycin D or
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eyeloheximide.
Prouty (72) has shown that the addition of lOmM
glutamine can induce ornithine decarboxylase in HeLa cells
in suspension culture.

This was accomplished by a 5-fold

increase in the half-life of the enzyme.
Recently, Lumeng (73) has shown that rat hepatocyte
primary suspension cultures in chemically-defined media can
respond to a number of hormonal treatments by increasing
ornithine decarboxylase activity.

Glucagon, Bt^cAMP,

insulin and dexamethasone all produce a marked stimulation
(up to 100 fold).

All of these mechanisms involve RNA

synthesis as

they were completely inhibited by actinomycin D.

Simultaneous

administration of each hormone and actinomycin D

was required

for the inhibition andthe RNA-dependent event

was found to

be involved within 100 minutes of drug treat

ment.

Uninhibited enzyme activation was maximal 3.5 h. after

glucagon administration.

The results indicate that trans--

cription is required for only a short time after glucagon
addition.

These workers also demonstrated that ethanol

oxidation was active in these cells and that acetate pro
duction selectively inhibited the increase in ornithine
decarboxylase activity induced by glucagon.
aminotransferase,

Tyrosine

also inducible by glucagon in these cells,

was unaffected by acetate.

Acetaldehyde prevented the
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increase of either enzyme.
Another example of ornithine decarboxylase induction
in cultured cells is the activation of lymphocyte primary
cultures by plant lectins.

Concanavalin A (Con-A) a

protein from jack bean and phytohaemagglutinin (PHA) from
wheat have been used extensively as mitogenic stimulators
of lymphocytes.

Both of these proteins have been shown to

elicit an early increase in both ornithine decarboxylase
and S-adenosylmethionine decarboxylase activities in
lymphocytes (74,75,76).

These increases were correlated

with increases in rRNA synthesis and were prevented by
actinomycin D treatment.

PHA-induced increases in orni

thine decarboxylase activity could be enhanced 5-fold if a
mixture of non-essential amino acids (containing asparagine),
was added prior to harvesting the cells.

Interestingly,

these authors demonstrated that the enhancement of stimula
tion by amino acids was due to a comparable increase (from
14 to 40 min.)

in the half-life of the enzyme.

I have discussed two major mechanisms of ornithine
decarboxylase induction in cultured cells.

Increased trans

cription appears to be involved with the response of cells
to various hormonal stimulators such as serum,

insulin,

glucagon, dexamethasone, PGE^, cAMP and plant lectins.

An
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interesting mechanism for the decrease in turnover of the
enzyme seems to function in the amino acid-induced increases
in enzyme activity.

With respect to the cell cycle, the

induction of ornithine decarboxylase activity is one of the
earliest biochemical responses to a proliferative stimulus.
In most cases the increases in enzyme activity occur well in
advance of the initiation of DNA synthesis,
the induction of this enzyme is a G

indicating that

event in the cell cycle.

1
Of interest is the report of an additional increase in
ornithine decarboxylase activity following the onset of DNA
synthesis (77).

This has also been demonstrated in the

experiments of this dissertation and I feel it may be an
artifact of the addition of serum at the beginning of S
phase.
Another interesting example of the diverse modes of
ornithine decarboxylase induction is the response of cells
to the phorbol ester tumor promotors

(78).

Carcinogenesis

is considered by many investigators to proceed by a twostage mechanism in which an initiated cell can develop into
a tumor through a series of events that have been termed
tumor promotion.

Phorbol esters are among the many com

pounds that have been used for the promotion of tumors in
animals that are treated with doses of chemical carcinogens
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by themselves insufficient to induce tumors.

In their

search for genes which are activated by tumor promotors,
O'Brien et al., (79) at Wisconsin discovered that orni
thine decarboxylase and S-adenosylmethionine decarboxylase
activities were induced in mouse skin following treatment
with the phorbol ester 12-tetradecanoyl-phorbol-13-acetate
(TPA).
The increases in both enzymes were prevented by
cycloheximide, indicating the requirement for de novo protein
synthesis.

Interestingly, high doses of actinomycin D had

no effect on the stimulation of either enzyme activity.
However,

studies with cordycepin (3'-deoxyadenosine), a

drug which appears to specifically inhibit the polyadenylation of mRNA (80), demonstrated that the induction
of both enzymes was partially reduced.

The failure of

actinomycin D to inhibit the response may be a reflection
of the general lack of the effect of this drug in the
epidermis

(81).

Various derivatives of vitamin A have been used to
oppose the effects of tumor promotors like the phorbol
esters and by themselves inhibit the growth of tumors in
vivo and cells in culture (82,83,84).

Verma and Boutwell

(85), demonstrated that retinoic acid prevented the induction
of ornithine decarboxylase in mouse skin by TPA.

Haddox et
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al., (86,87) investigated the relationship of retinol
inhibition of proliferation to the cell cycle in monolayer
CHO cultures.

It was found that retinol treatment caused

cells to be restricted in the

phase and that deficiencies

in ornithine decarboxylase activity were associated with this
restriction.

By using ornithine decarboxylase as a marker

for retinol inhibition, the cell cycle locus for vitamin A
and its derivatives was determined.
Byus and Russell

(114) have also been actively engaged

in studies which demonstrate that cAMP is involved in some
systems in the induction of ornithine decarboxylase.

The

induction of the enzyme has been shown to be preceeded by
rises in cAMP levels in the adrenal gland and in regenerating
liver (115), mitogen-stimulated lymphocytes (116) and HTC
cells (117).

The rises in the levels of cAMP have been shown

to lead to an activation of the Type-I cAMP-dependent protein
kinase.

The role of cAMP in ornithine decarboxylase induction

is confusing when one considers that increases in cAMP have
generally been associated with the arrest of cell growth
rather than stimulation (118,119).

Boutwell has shown that

neither cGMP nor cAMP have a role in the activation of orni
thine decarboxylase in mouse epidermis by tumor promotors
(78) .
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Ornithine decarboxylase has been shown to have, under
certain conditions, a very short half-life.

The reported

half-life of the enzyme in normal liver was 10 min (39).
The mechanism for the regulation of the enzyme activity
has been investigated in recent years.
(88) observed that KB cells

Pett and Ginsberg

(human) cultured in media

containing 1 mM putrescine exhibited a marked loss of orni
thine decarboxylase activity.

JSnne and Htilta (89) demon

strated that injection of rats with putrescine or spermidine
caused a marked reduction in the activity of the enzyme.
This was also shown with PHA-activated lymphocytes (90).
Interestingly,

putrescine is only a weak inhibitor of

ornithine decarboxylase (8).

The concentration of putrescine

required to cause complete loss of ornithine decarboxylase
activity in human lymphocytes is several orders of magnitude
lower than that required to inactivate the enzyme _in vitro.
Also,

in regenerating liver, the concentration of intra

cellular putrescine was not markedly increased by the injec
tion of the compound.

The authors suggested that the close

correlation between the rate of inactivation of the enzyme .
by putrescine and cycloheximide indicated that a post-transscriptional mechanism was possible, although no evidence to
support such a mechanism was given.
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These studies with regenerating liver were extended
to include 1,3-diaminopropane and other diamines (91,92).
Again the inhibition of ornithine decarboxylase activity
was not attributed to direct inhibition of the enzyme.
Cadaverine and diaminohexane were found to be more potent
suppressors than diaminopropane or putrescine in the
response of the rat ovary stimulated to induce ornithine
decarboxylase by human chorionic gonadotropin (92).

Of

the compounds in this study, only putrescine was capable
of inhibiting the enzyme jLn vitro.
decarboxylase is not inhibited

S-adenosylmethionine

by diamines,

indeed this

enzyme is actually stimulated by putrescine _in vitro, and
111 v:i-vo (89) .

However, putrescine does inhibit the spermine

synthase _in vitro (93) .
In 1976, Fong et al., (94) reported the discovery of a
protein inhibitor of ornithine decarboxylase which was
induced by the addition of putrescine to H-35 (rat hepatoma)
cells in culture.

This inhibitor, with an apparent mole

cular weight of approximately 25,000

(M ), was assayed by

adding extracts from putrescine-treated cells to extract
from cells stimulated to produce ornithine decarboxylase
activity by addition of serum.

Actinomycin D (5 ug/ml) pre

vented half of the increase in enzyme activity and only 20%
of the inhibitor activity in cells which were treated with
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serum and serum including putrescine respectively.
Induction of both activities was prevented by cycloheximide
(50 ug/ml).

Activation of a pre-existing mRNA for the

induction of the inhibitor and the enzyme as well as
increased transcription is consistent with these observa
tions.
The levels of putrescine found in the extracts of
putrescme-treated cells was 3 x 10

-4

M, 3 to 30 times

below the range of in vitro inhibition of the enzyme.

This

disparity supports the concept that the inhibitory activity
in the assay is not due to the level of endogenous putre— _
seine.
The inhibitory activity was chromatographed on
Sephadex G-75 columns and found to exhibit a symmetrical
peak of activity with an apparent molecular weight of
25,000 (M^).

The activity exhibited non-competitive kinetics

with respect to ornithine, was unaffected by ribonuclease,
and was destroyed by incubation with immobilized-chymotrypsin.

It was also demonstrated that the inhibitory

activity is unlikely to be due to a protease since swamping
of the putative protease with large excesses of albumin did
not affect the inhibition of the enzyme in the inhibitor
assay.
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The authors extended these studies with L1210 (mouse
leukemia) cells and neuroblastoma cells (95), and found
that the inhibitor was also produced.

The inhibitor from

one cell cross-reacts with the enzyme from the other cell.
It was shown that the inhibitor forms a complex with the
enzyme which is stable during Sephadex chromatography but
is dissociable into separate fractions of inhibitor and
enzyme upon treatment of the complex with ammonium sulfate.
Spermine and spermidine also induced the inhibitor.
A mechanism in which a protein inhibitor for an
enzyme is inducible by the end product of the enzyme
reaction is unique.

The authors proposed the name

"antizyme" for such inhibitory proteins and the name
ornithine decarboxylase-antizyme was given to the inhibitor
in this study.
The question arises whether the polyamines actually
regulate ornithine decarboxylase activity through the
antizyme mechanism.

This question is dealt with in the

RESULTS AND DISCUSSION.

Other workers failed to demonstrate

the presence of the inhibitor in 3T3 (mouse fibroblast)
cells (96).

When 3T3 cells were cultured in the presence

of 10 mM putrescine, the complete inhibition of ornithine
decarboxylase activity was not accompanied by the appear
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ance of the antizyme.

In cell extracts from putrescine-

treated cells which were fractionated with ammonium sul
fate and analyzed on Sephadex columns, neither enzyme nor
inhibitor were found.

This observation gives support to an

alternative means of enzyme regulation by putrescine.
However,

the antizyme has been detected in rat liver

(97,98), rat thyroid (99), HTC cells (100), HeLa cells
(human cervical carcinoma,

101), and E. coli (102).

In the

latter study a non-dialyzable, trypsin-insensitive mole
cule which stimulated ornithine decarboxylase _in vitro was
also found in the bacterium.
McCann et al., (103) have isolated a clone from a rat
hepatoma cell line (HM0A ) which has a greatly stabilized
ornithine decarboxylase activity.

It has been shown that

although putrescine can inhibit the ornithine decarboxylase
activity of HMO

A

cells, when added at a high level (10 mM ) ,

free or salt-dissociable antizyme activity was undetectable.
The authors concluded that there is some other mechanism for
putrescine regulation of enzyme activity in these cells.
Kallio (105) has studied the regulation of ornithine
decarboxylase in regenerating rat liver by diamines and
found evidence that there are two mechanisms for the
inhibition of enzyme activity by these compounds.

Using
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anti-ornithine decarboxylase serum (15), it was shown
that there is a time-dependent mechanism in the regenera
ting liver in which 1,3-diaminopropane, when used in
quantities sufficient to completely inhibit enzyme acti
vity,

is associated with a decrease in immunoprecipitable

enzyme 4 h. after partial hepatectomy and an increase in
immunoprecipitable protein at 24 h.
during early regeneration,
activity by shutti

Kallio concluded that

the diamine inhibits enzyme

off synthesis of the enzyme protein

while the later increase in immunoprecipitable enzyme in
the absence of enzymatic activity is due to the presence
of the antizyme.
The inhibition of ornithine decarboxylase by diamines
is specific in that monoamines do not inhibit the enzyme
in regenerating liver (105).

Heller et al., (106) have

shown that the dose responses for the inhibition can differ
with cell lines (L1210,H-35,3T3 and neuroblastoma).

The

antizyme was detected under conditions in which enzyme
activity is kept low (serum starvation)

in all cells,

including 3T3 cells (in contrasts to earlier reports, 96).
In this dissertation,

I will present experiments with nutri

ent "starved" cells in which measurable amounts of free
antizyme activity are detected following addition of diamines
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and polyamines.

The induction of the antizyme and the

inhibition of enzyme activity were correlated in a dosedependent manner.

Relationship of the Polyamines to Macromolecular
Synthesis and Cell Proliferation

In the last section of this introduction, the relation
ship of the regulation of polyamines to the animal cell cycle
was discussed.

The induction of ornithine decarboxylase was

considered as an event characteristic of the G_^ phase of the
cell cycle.

Since G_^ is considered to be a preparation for S,

one has to evaluate the possibility that the synthesis of
polyamines during G^ insures that the level of polyamines is
sufficient to support DNA synthesis in S.

An alternative

hypothesis is that polyamines may be required for an event
that occurs in G^ and is in itself a preparation for S.

A

third hypothesis is that polyamines may be required during S
and that they also have a role in G

in which they support

some other event which is later required for S.
considered to traverse the transition from G

Cells are

to S when DNA
1

synthesis begins, and the role of polyamines with respect to
this transition may enable us to understand the actual
function(s) of polyamines in cell growth.
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The biochemical events that occur during the various
parts of the cell cycle are numerous and have been reviewed
(107,63).

In this section of the introduction, the role of

polyamines in macromolecular synthesis (particularly the
synthesis of DNA) will be discussed.

It has been shown

that the synthesis of DNA in the S phase is a complex
process which requires the continuous synthesis of both
RNA and protein (42).

The synthesis of DNA is also closely

coupled to cell division.

In studies with HeLa cells and

inhibitors of RNA synthesis, Mueller (107) has shown that
when RNA synthesis is blocked at the onset of S phase, the
cells replicated about one-half of their DNA.
such cells also fail to enter mitosis.

Interestingly,

If RNA synthesis is

allowed to proceed for 2 h. into S and is then blocked, the
cells can replicate 97% of their DNA but still fail to
divide.

Thus there is a small amount (3%) of DNA which is

replicated late in S phase and requires RNA synthesis.

If

the synthesis of RNA is allowed to resume, the remaining DNA
is replicated and the cells enter mitosis.
These studies suggest that the replication of eukaryote
DNA is an ordered, multifocal process in which the initiation
of DNA synthesis occurs on the same units of DNA every time a
cell enters S phase and proceeds in an ordered manner until
all the DNA is replicated (107).

There must be a specific
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biochemical signal to mark the completion of replication
and control the progression of the cell from S to G ^ and
mitosis.

This point is important in relation to data in

this dissertation in which the close regulation of DNA
synthesis and proliferation has been demonstrated in
polyamine-depleted cells.
Up to this point, I have raised a few questions con
cerning polyamine functions.

In the studies mentioned

earlier on polyamines and nucleic acid synthesis in
rapidly growing tissues (early observations)
that polyamines have a role in the

the concept

stimulation of nucleic

acid synthesis (as gene activators or other metabolic
activators) can be evaluated in the sense that these amines
may function in

as mediators of genetic regulation.

this were the case, then successful completion of
be expected to be polyamine dependent (146).

If

would

Alternatively,

the direct function hypothesis (.i.je., the polyamines them
selves are required for the synthesis of nucleic acids) can
be evaluated in terms of the amines being present in S and
G^ for the synthesis of nucleic acids.
That is to say that if polyamines function in genetic
regulation, then their role in proliferation could be
causal.

However, if the polyamines serve as functional

and structural components in nucleic acid synthesis then
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their role in proliferation could be interpreted as being
supportive.

This latter hypothesis is obviously difficult

to evaluate in S phase considering the role of RNA and
protein synthesis in the replication of DNA.

It becomes

more difficult if one considers that polyamines have been
shown to have various effects on protein synthesis.
With this framework, I would like to review the recent
literature which I feel demonstrates the direct function of
polyamines in macromolecular synthesis and the relationship
of these syntheses to cell proliferation.
Jflnne, et al., (108) have summarized the biological
effects of the polyamines.

I have already covered some of

the earlier observations and I will try to give a complete
but not all-encompassing framework for the growth related
effects of polyamines,

focussing primarily on macromolecular

synthesis.
It is best to consider all macromolecular syntheses when
discussing the relationship of polyamines to any single
synthesis.

As I have said, this is most important in

consideration of any events related to DNA synthesis.

How

ever, I would like to start with the effects of polyamines
on protein synthesis because the regulation of protein
synthesis does not appear to be a major control mechanism
in the cell cycle.

Regulation of the synthesis of specific
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proteins in

which are required for DNA synthesis (e.cj.

DNA polymerase oC , 109) is most likely accomplished by
transcriptional and post-transcriptional mechanisms (63).
Also, there is a dependency for c3e novo polypeptide
synthesis throughout the S phase (107).

Thus, effects of

polyamines on protein synthesis would be manifested in all
phases of the cell cycle.
Takeda (110) has demonstrated that the binding of tRNA
to ribosomes was enhanced by polyamines.

With his co-workers

he has also shown that polyamines can replace Mg
aminoacyl tRNA synthetase reaction (111).

2+

in the

Polyamines have

also been shown to effect the initiation and fidelity of
protein synthesis (112,113).

Recently, Igarashi et al.,

(120) have shown that polyamines increase the amount and
fidelity of protein-synthesis in cell-free systems.
Spermidine and spermine were equally effective in enhancing
fidelity as measured by the misincorporation of leucine
using poly-U templates in a wheat germ system.

This effect

was not seen in a cell-free E. coli translation assay.
Stimulation of the overall rate of phenylalanine incor
poration was demonstrated in both systems.
That protein synthesis requires a certain concentration
of polyamines in the cell has been demonstrated in a variety

41
of systems in which inhibitors of polyamine synthesis have
been used to reduce cellular polyamines.

In many cases,

the synthesis of RNA and DNA was also studied and I will
relate these syntheses according to their relationship to
the cell cycle when possible.

Krokan and Eriksen (121)

used an inhibitor of S-adenosylmethionine decarboxylase,
the anti-leukemic drug methylglyoxal-Bis (guanylhydrazone),
(MGBG), to inhibit the synthesis of spermictine and spermine
in HeLa cells.
With asynchronous cultures, there was a reduction of
14
C-leucine incorporation into protein (up to 50%) when
cells were cultured in the presence of MGBG.

This was

accompanied by a progressively decreasing 3H-thymidine
incorporation into DNA.

It is not possible to correlate

the effect on the inhibition of protein synthesis with that
on DNA synthesis since the cells were not synchronized in
this particular study.

It is difficult to pinpoint whether

the inhibition of protein synthesis in G^ or S caused the
inhibition of DNA synthesis or whether the effect on DNA
synthesis was responsible for a block on cell proliferation,
thereby leading to a loss of protein synthesis in the sub
sequent G^ phase.

This point is an important consideration

stressing the necessity of using synchronized cell cultures •
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in order to relate a given macromolecular synthesis to
the cell cycle.
It should be noted that Fillingame and Morris (122)
found that there was no effect of MGBG on either protein
or RNA synthesis in Con-A-activated bovine lymphocytes.
A phase of DNA synthesis begins 24 h. after lectin activa
tion, and achieves a maximal level 48 h. post-activation.
The onset of protein synthesis and DNA synthesis was
preceded by polyamine synthesis.

However, the increases

in RNA synthesis occurred somewhat earlier than that of
polyamines.

In this system, protein synthesis was not

effected by the prevention of polyamine accumulation by
MGBG treatment.

Interestingly, the levels of putrescine

were increased as a result of MGBG treatment as if the cell
were continuing to synthesize ornithine decarboxylase in the
absence of a "shut-off" mechanism which is dependent upon
increasing polyamine levels.
In a study with PHA-activated human lymphocytes, Httlta
et al., (123) have recently shown that MGBG combined with
oC -difluoromethylornithine

(DFMO), an irreversible inhibitor

of ornithine decarboxylase, cause a depletion of putrescine,
spermidine and spermine with a concomitant
macromolecular syntheses.

reduction in all

DNA synthesis was reduced 63%,

protein synthesis by 76% and RNA synthesis by 43% by DFMO
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treatment.

MGBG treatment led to a reduction of DNA>- RNA

and protein syntheses by 78%, 85% and 88% respectively.
The combination of these two drugs enhanced these reductions
slightly.
Studies by Herbst et al., (124) with Drosophila
melanoqaster larvae and purified E. coli RNA polymerase
demonstrated that RNA synthesis was stimulated by spermi
dine.

Larvae cultured in the presence of spermidine were

shown to incorporate

3
H - u r i d m e into rRNA and tRNA at a

markedly faster rate than larvae in control medium.
Spermine was less effective and putrescine was ineffective.
The stimulation of the bacterial RNA polymerase was observed
with several templates (T^-DNA, calf thymus DNA, E. coli DNA
and poly [d(A-T)]).

At high ionic strength, the stimulation

of the bacterial enzyme with Mg
great as with spermidine.

2+

was only partially as

Spermidine was also shown to

enhance the formation of DNA-RNA polymerase-RNA ternary
complexes.
As mentioned previously, there has been an indication
that polyamines are required for RNA synthesis in HeLa
cells (121), and lectin-activated human lymphocytes (123).
However, other workers (122) have found no effect on RNA
synthesis in bovine lymphocytes treated with MGBG.

The

44
case for polyamines and RNA synthesis in the regenerating
liver has also led. to conflicting reports.

Piik et al.,

(125) have found that 2-hydroxy-l,3-diaminopropane (an
inducer of the ornithine decarboxylase-antizyme) causes
severe reduction of RNA synthesis in partially hepatectomized rats thus confirming the earlier reports of a
correlation of polyamine synthesis and RNA synthesis in
the regenerating liver.

However, other workers (126)

found no effect of 1,3-diaminopropane on RNA synthesis in
the regenerating liver.

Furthermore it was shown that

D,L-<<-hydrazino-£ -aminovaleric acid (a competitive
inhibitor of ornithine decarboxylase) had no effect on
RNA synthesis in partially-hepatectomized rats in spite
of the marked reduction of putrescine and spermidine
concentrations in the regenerating liver.

In both of the

studies above, a severe reduction in DNA synthesis was
correlated with the depletion of the polyamines.
Recently, an exciting line of research on the role of
the polyamines in RNA synthesis has developed in studies
with the slime mold Physarum polycephalum.
(129) and Kuehn et al.,

Atmar et al.,

(130) have demonstrated that rRNA

synthesis in the nucleoli of this organism requires that a
non-histone chromosomal protein is phosphorylated.

The
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phosphorylation reaction appears to be polyamine-mediated
and the activation of the transcription of rDNA does not
occur unless the polyamine-mediated phosphorylation of the
non-histone protein has occurred.

The phosphoprotein has

been purified to homogeneity and the kinase responsible for
the mechanism does not require cAMP for its action.

This

discovery is interesting in that it provides evidence that
the polyamines may indeed act as specific gene activators
(in this case by causing the phosphorylation of a presumed
regulatory chromosomal protein).

Surely, a continuation

of research in this area gives promise toward elucidating
specific polyamine-mediated reactions.
The requirement for polyamines in DNA synthesis has
received a great deal of attention and I would like to
proceed to this topic, although the apparent multiplicity
of polyamine functions renders strict interpretation of
results difficult (127).

It should also be noted that some

of the compounds used in extremely high doses for the
inhibition of polyamine synthesis can inhibit macromole
cular synthesis directly.

Thus 1,3-diaminopropane inhibits

protein synthesis in hamster tumor cells (128), MGBG inhi
bits DNA synthesis in isolated rat liver nuclei (133), and
2-hydroxy-l,3-diaminopropane and even the naturally-
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occurring polyamines inhibit DNA synthesis in the rat
liver (unpublished observations in this laboratory).

It

is necessary for control experiments to be performed to
demonstrate that the doses of inhibitors used in any study
are not capable of inhibiting macromolecular synthesis
directly.
Poso and Janne (134) have found that repeated injec
tions of 1,3-diaminopropane into partially-hepatectomized
rats caused a severe reduction of ornithine decarboxylase
activity, putrescine and spermidine accumulation, and the
synthesis of DNA.

Interestingly, this compound, unlike its

2-hydroxy-derivative (125), did not affect RNA or protein
synthesis.

The key question is whether or not the polyamine

depletion is the cause of the reduction in DNA synthesis.
Mamont et al., (136) working with rat hepatoma cells
in culture, used oi -methylornithine (a competitive inhibitor
of ornithine decarboxylase)

to block the accumulation of

putrescine and spermidine in these cultures.

The depletion

of polyamine was accompanied by a severe reduction in DNA
synthesis and a cessation of cellular proliferation.
mine levels were not affected by this compound.

Sper

As men

tioned previously, Krokan and Eriksen (121) studied the
effects of MGBG, an inhibitor of S-adenosylmethionine
decarboxylase)

in HeLa cells.

Using cultures which were
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synchronized for DNA synthesis, these workers demonstrated
that the decrease in spermidine and spermine concentrations
was accompanied by a severe reduction in DNA synthesis and
a delay in cellular proliferation.

That proliferation was

only delayed and not completely prevented is confusing
since Mueller (107) has shown that the completion of DNA
synthesis is required for mitosis.
The reversal of the effects of the inhibitors was
accomplished by the addition of either L-ornithine (136)
or the polyamines (121).

Note that the reversal in either

study was not performed with a synchronized cell population
making it difficult to ascertain the relationship of the
polyamine requirement to the cell cycle.

In the Krokan

and Eriksen (121) study, however, the reduction of DNA
synthesis was accomplished with synchronized cells,
indicating that polyamines are required for the successful
completion of DNA synthesis in the S phase.

In this

dissertation, reduction and reversal of DNA synthesis in
polyamine-depleted cells which are simultaneously synchro
nized for DNA synthesis are reported.
As mentioned previously, the diamines 1,3-diamino
propane and 2-hydroxy-l,3-diaminopropane cause a marked
reduction of DNA synthesis in the regenerating rat liver
(125,134).

The reduction of DNA synthesis was accompanied
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by a reduction in liver growth.

However, the inhibitory

process was reversible only in the context that liver growth
could be restored by removal of the drug.

Experiments with

simultaneous addition of polyamines in the presence of the
non-physiologica1 diamines were not reported.

The diffi

culty of reversing the effects of these compounds may be
due to their similarities in structure and physical pro
perties with the physiological polyamines.

That is, the

polyamines may not be able to function in the presence of
a high concentration of the inhibitors.

Evidence supporting

this interpretation is presented in this dissertation and in
recent studies by JSnne and his colleagues in studies with
Ehrlich ascites cells (135).
A number of investigators (136-141) have used two
different but structurally-related inhibitors of ornithine
decarboxylase which exhibit anti-proliferative properties.
These inhibitors are

-methylornithine ( <*-M0) and

fluoromethylornithine (DFMO).

o<-di-

«<-MO is a competitive

inhibitor of the enzyme while DEMO is an irreversible
inhibitor activated by the enzyme to yield a reactive
nucleophile which covalently attaches at or near the enzyme's
active site rendering it inactive (also known as suicide or
k cat (142) inhibitor).

The effect of e<-MO on DNA synthesis

in rat hepatoma cells in culture has been discussed, and the
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effect of o< -MO and DFMO on cell proliferation (HTC) are
similar (137).
An interesting point in these studies is that even
though polyamine synthesis was inhibited, the block on cell
proliferation does not occur until a second generation after
drug treatment.

Apparently, the cells have sufficient

polyamine to complete one cell division in the absence of
de novo synthesis (if polyamines are indeed required for
progression through the cell cycle).

This interpretation

is supported by the results reported in this dissertation
in that two days (2 generations) were required for the
anti-proliferative effects with 2-hydroxy-l,3-diaminopro
pane.

In the studies of Mamont et al.,

(136-141) spermine

levels were not affected by drug treatment and this residual
spermine may fulfill the need for polyamines for at least
one generation.
Of great interest is the report that DEMO treatment
during gestation of rabbits, mice and rats leads to a com
plete suppression of uterine ornithine decarboxylase activity
normally associated with early embryonic development (0-10
days).

Complete lack of embryo development resulted from

DFMO treatment in all three species.

This work represents

a long awaited complementation of the earlier studies of the
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correlative increases of polyamine levels during embryogenesis.
The early work of Morris (122,142) and the recent
studies by Httlta et al., (123) with lectin activatedlymphocytes have been discussed.

The difference between

the two studies (that polyamines play a role in RNA
synthesis in human cells but not in bovine lymphocytes),
becomes less confusing when DNA synthesis is considered.
DFMO and MGBG or combinations of both led to a severe
polyamine deficiency and a concommitant reduction of DNA
synthesis.

These effects were completely reversible in

the presence of the enzyme inhibitors by simultaneous addi
tion of putrescine, spermidine or spermine.
Knutson and Morris (143) extended their work with
studies on the effects of MGBG on DNA synthesis in Con-Aactivated bovine lymphocyte primary cultures and found that
the reduction of DNA synthesis could be monitored in nuclei
isolated from polyamine-depleted lymphocytes.

Reversal of

the inhibition of DNA synthesis occurred if polyamines were
added to the cell culture well in advance of isolation of
the nuclei, but in vitro reversal by addition of spermidine
to the assay was not achieved.

Morris concluded that the

polyamine-depleted nuclei have an irreversible defect.
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These workers have gone on to use *< -MO and DEMO in
combination with MGBG and found essentially the same
results; that treatment of lymphocytes with inhibitors
of polyamine synthesis is followed by marked reduction
in the accumulation of polyamines and inhibition of DNA
synthesis in these cells (144,145).
It is important to use synchronized cells when de
fining anti-proliferative effects in order to determine
the relationship of any event to the animal cell cycle.
Rupniak and Paul (146) used flow microfluorometric analysis
(an automated method for the determination of cellular DNA
content) to demonstrate that MGBG causes 3T3 (mouse fibro
blast) cells to be restricted in G^; as evidenced by the
predominance of cells with a 2n content of DNA.
ingly,

Interest

it was shown that 3T3 cells transformed by SV-40

virus and treated with MGBG were arrested in S phase (147).
The authors concluded that polyamine synthesis is required
to progress from G

to S and that this control mechanism
1
is lost in transformed cells. They took advantage of this

phenomenon to kill selectively the transformed cells with
MGBG and hydroxyurea (toxic only to cells in the S phase).
The concept that transformed cells have lost the control
mechanism in G

1

is consistent with the results of this
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dissertation in which HeLa cells appear to require poly
amines in the S phase.
I have reviewed only a part of the vast literature in
the polyamine field and do not have enough space to discuss
the many diverse functions of these compounds that have
been reported.

However, I have attempted to cover those

functions which I feel relate strongly to the mechanisms of
cell proliferation, and I hope to further the knowledge of
these processes with the studies presented in the RESULTS
section of the dissertation.

The reader is referred to the

elegant books by Cohen (1) and Bachrach (146), and to the
excellent reviews by the Tabors (147,148), Canellakis
et al., (127), Jfinne et al., (108) and Williams-Ashman
and Canellakis (149) for further insight into these truly
fascinating "simple" organic cations.

II. MATERIALS AND METHODS

Cell Cultures

Stock cultures of HeLa were obtained from G. C. Mueller,
McArdle Laboratory for Cancer Research, Madison, WI.
All experiments reported in this dissertation were per
formed with cells maintained in suspension culture using a
closed incubation system at 37°C.

In our laboratory, Basal

Minimal Eagle's medium (BME) supplemented with 10% horse
serum, 0.1 mM glycine, 0.01 mM serine and 0.01 mM myo
inositol was used for the maintenance of stock and experi
mental cultures in an atmosphere of 5% CO /95% air.

The

2

formulation of this medium is given in Table 1.
It is important to note that the Earle's Balanced Salt
component of BME used with suspension cultures does not
^

„ 2+

contain Ca

or Mg

2+

as higher levels of these cations will

lead to the adherence of the cells to each other and to the
surface of the glass culture vessel.

The cells receive the

necessary amounts of these cations from the added serum.
The major difference between the BME used in suspension
cultures and the monolayer medium is that the latter is
supplemented with 0.2 g/l CaCl

2
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and 0.2 g/l MgSO -7H-0.
4
^
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TABLE 1

Composition of Basal Minimal Eagle's Medium (modified)

Component
KC{L‘:
NaCl
NaH2PO4 *H20
glucose
phenol red
NaHC03
L-argxnine *HC1
L-glutamine
L-cystine
L-histidine
L-isoleucine
L-leucine
L-lysine
L-methionine
L-phenylalanine
L-tryptophan
L-threonine
L-tyrosine
L-valine
biotin
Ca-D-pantothe nate
choline
folic acid
nicotinamide
pyridoxal*HCl
riboflavin
thiamine*HCl
penicillin-G
streptomycin sulfate
pluronic F-68*
glycine*
serine*
myo-inositol*

♦Modifications

Amount in 1 Liter of Complete Medium
0.4
6.8
0.14
1.0
10.0
2.2
2.0
292.0
12.0
8.0
26.0
26.0
36.47
7.5
16.5
4.0
24.0
18.0
23.5
1.0
1.0
1.0
1.0
1.0
1.0
0.10
1.0
30.0
50.0
1.0
7.5
10.0
2.0

gm
gm
gm
gm
mg
gm
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
gm
mg
mg
mg
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Pluronic F-68 is a surfactant (Wyandotte Chemical Co.,
Wyandotte, MI) which aids in the prevention in clumping and
is used in the suspension medium but not in the BME used
with monolayers.
Mg

2+

Other than the differences of Ca

,

, and Pluronic F-68, the BME used with monolayer and

suspension culture is the same.
All components of the culture media were obtained
from Grand Island Biological Chemicals Corp.

(GIBCO, Grand

Island, N.Y.) except Pluronic F-68 and the glycine, serine
and inositol (Calbiochem, La Jolla, CA).

The media were

prepared by adding aliquots of sterile concentrated stocks
of Earle's Balanced Salts, amino acids, vitamins, NaHCO^,
and Pluronic F-68 to sterile water.

Horse serum (irradi

ated, GIBCO) was added to a final concentration of 10%.
The sterile water was obtained by autoclaving water puri
fied by reverse osmosis, charcoal adsorption, and deioni
zation with a Milli-Q purification system (Millipore),
followed by glass distillation.
Culture vessels, pipettes, bottles and other glass
ware coming in contact with cultures of media were cleaned
routinely with acid cleaning solution (NOCHROMIX, Godax
Laboratories, N.Y., N.Y.)

followed by exhaustive rinsing
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(10 times each) with tap and distilled water.

Monolayer

cultures were maintained in glass prescription bottles
equipped with rubber stoppers.

Suspension cultures were

maintained in either spinner flasks (Kontes Glass Co.,
Vineland, N.J. or Belco Glass Co., same address), which
were siliconized by treatment with a 1% solution of
dichlorodimethylsilane (Aldrich Chemicals, Milwaukee, WI)
in benzene.

Media preparations and culture transfers were

carried out in a tissue culture hood equipped with a
germicidal lamp.

The culture laboratory was cleaned

regularly and all windows were kept shut year-round to
avoid dust contamination.

No toxic chemicals were kept in

the culture laboratory or in close quarters with culture
supplies.
Suspension cultures were maintained in log phase
growth by a daily schedule of 50% dilution (v/v) with fresh
5
BME + 10% horse serum to a cell density of 2.5-3.0 x 10
cells/ml.

The viability of the cultures was routinely

monitored by recording generation times (22-24h for HeLa
cultures).

Cell density was determined with a hemocytometer

or with a Royco automatic cell counter (Royco Instruments,
Menlo Park, CA).

Only cultures which exhibited a log

phase growth were used for experiments.

Stock cultures
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which occasionally exhibited a small degree of growth
arrest (failed to double in cell density in 22-24h), were
returned to a state of log phase-growth by complete change
of medium (centrifugation, 50x g, 10 min., 25° C.) and
dilution with fresh medium to a low density (8-10 x 10^
cells/ml).

Cell viability was monitored by a vital dye

technique-

Culture aliquots were examined under the micro

scope after incubation with a solution of either trypan
blue or erythrosin B (0.4% in Earle's Balanced Salts
Solution)-

Dead cells take up the dyes and stain blue

or red respectively.

Generally, the viability of stock

cultures was 98% or greater.
Every 2 to 3 weeks, the stock suspension cultures tend
to form clumps and
vessels.

adhere to the sides of the culture

For these reasons, the culture was periodically

treated with trypsin and transferred to a fresh vessel.
0
Approximately 50 x 10 cells were centrifuged (50 x g . , 10
min., 25° C.) and resuspended in 20 ml of 0.05% trypsin
(Calbiochem,

3600 NF units/mg)

in Saline A (20 ug/ml phenol

red; 8 mg/ml NaCl; 0.4 mg/ml KCl; 1 mg/ml glucose and
0.35 mg/ml NaHCO^).

The suspension was incubated for

exactly 7 min at 37° C. and 20 ml of BME + 10% horse serum
was added immediately to terminate the proteolysis; it is
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important not to extend the treatment as this will destroy
the cells.

After addition of fresh medium, the cells were

centrifuged as above and resuspended in fresh BME + 10%
horse serum at a cell density of 2-3 x 10^ cells/ml.
Monolayer stock cultures were fed with fresh medium
every 3 to 4 days, and every 10 days, when they reached a
state of confluency, were rinsed with sterile saline,
treated with 5 ml of the 0.05% trypsin reagent for 7 min.
followed by 5 ml of fresh medium (10% serum), centrifuged
and resuspended in fresh BME (Ca-and Mg-containing) + 10%
horse serum at a density of 6 x 10

3

cells/ml of monolayer

medium in monolayer flasks.

Induction and Assay of Ornithine Decarboxylase

The activity of ornithine decarboxylase is low in
quiescent, high density HeLa cell cultures (5-6 x 10^
cells/ml).

Following dilution with fresh medium + 10%

horse serum, the enzyme activity increases within 2-4 h.
For the measurement of ornithine decarboxylase activity in
stimulated cultures, 5 ml aliquots of the suspension culture
were taken immediately and for 2 h. intervals after dilution
of a high density culture.

Samples for assay of enzyme

activity were placed on ice and 5 ml of ice cold saline were

59
added.

Sterility is unnecessary after this step in the

procedure.

The cells were pelleted by centrifugation

(1000 x g, 3 min., 4° C.) and resuspended with 5 ml ice
cold saline.

Following centrifugation as above, the

pellets were drained and resuspended in 0.3 ml of ornithine
decarboxylase assay buffer (50 mM Tris-HCl. pH 7.2, 37° C . ,
0.1 mM EDTA, 5 mM Dithiothreitol, 0.05 mM pyridoxal phos
phate) .

The cells can be stored in this buffer at -20° C.

for up to one week prior to assay with no loss of enzyme
activity.
For assay of ornithine decarboxylase activity in cell
extracts, the cell suspensions in assay buffer were frozen
and thawed for 5 cycles with a -70
37° C. water bath respectively.

o

C. ethanol bath and a

This treatment causes the

rupture of the plasma membrane and release of the soluble
fraction of the cells
lase) .

(which contains ornithine decarboxy

The expansion of the frozen cytosol causes several

tears in the plasma membrane which are easily visible under
the light microscope at 1000 x magnification.

The broken

cells were pelleted by centrifugation (1700 x g., 15 m i n . , .
4° C .) and the supernatants were assayed for enzyme activity
in 15 ml round-bottom centrifuge tubes.

The release of

^^CO^ from L-ornithine-l-^C was monitored by trapping of
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C0^ on 1 cm

2

filter papers (Whatman #1) saturated with

0.05 ml of NCS tissue solubilizer (Amersham-Searle)

in a

filter well-serum cap assembly (Kontes).
The incubation mixture (0.25 ml) contained:
of ornithine decarboxylase assay buffer,

0.1 ml

0.1 ml of cell

extract and 0.05 ml of 1.0 mM L-ornithine containing
0.25 ;iCi of DL-ornithine-1-

14

C.

The tubes were capped

and incubated for 1 h. at 37° C. on a Dubnoff shaking
water bath.

The reaction was stopped by the addition of

0.25 ml of 0.2 N H^SO^, added through the serum cap with
a syringe.

The tubes were placed back into the water bath
o

for 30 min. at 37
trapping of CO^-

C. to facilitate complete release and
The filter papers were dried and placed

into scintillation counting vials and counted for

14

CC^ in

5 ml of toluene/Omnifluor at 70% efficiency in a Packard
Tricarb liquid scintillation counter.

Dithiothreitol and

pyridoxal phosphate were obtained from Sigma, L-ornithine
from Calbiochem, and the Omnifluor and DL-ornithine-l-^C
(52.5 Ci/mmole) were from New England Nuclear Corp., Boston,
MA.

One unit of ornithine decarboxylase is the activity

that releases 1 nanomole CC^ per hour of incubation
(nmol CO^/h).
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For some experiments, ornithine decarboxylase was
induced by pelleting the cells by centrifugation (50 x g,
10 min., 25° C.) and resuspending them in complete medium
without changing the cell density (6 x 10

5

cells/ml).

This complete change of medium with a high density culture
was beneficial for the production of large amounts of
ornithine decarboxylase.

There are twice the number of

cells in these cultures and this plus the additional
nutrients received from the complete change of medium
leads to higher yields of the enzyme.
In other experiments, ornithine decarboxylase activity
was stimulated in high density cultures (6 x 10

5

cells/ml)

without addition of fresh medium by the exogenous addition
of glutamine (10 mM) .

The enzyme activity in these cells

in "spent" media is similar to that in refed cultures but
the viability of cells in reduced after 8h.

Preparation of HeLa Cell Ornithine Decarboxylase
For Antizyme Titrations

Preparations of ammonium sulfate-precipitated ornithine
decarboxylase from cell extracts of high density cultures
(in which enzyme activity was induced by complete change of
medium) were used for the quantitation of the ornithine
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decarboxylase-antizyme.
cultures

The cells from high density

(400 ml, 6 x 10^ cells/ml) were pelleted by

centrifugation (50 x g, 10 min., 25

o

C ) , resuspended in

400 ml of BME + 10% horse serum, and incubated at 37° C.
After 4 h. incubation, the cultures were chilled on ice
and the cells were harvested by centrifugation (1000 x g,
3 min., 4° C.
The supernatant was discarded and the cell pellet was
resuspended and washed with 200 ml of ice cold saline.
After centrifugation (1000 x g, 3 min., 4

o

C.), the cell

pellet was drained completely and resuspended in 5 ml of
Tris dialysis buffer

(50 mM Tris'HCl, pH 7.2, 4°C.,

0.1 mM EDTA, 0.05 mM pyridoxal phosphate, and 10 mM 2mercaptoethanol).

After freezing, thawing and centrifugation

as above, a concentrated solution of ammonium sulfate in
Tris dialysis buffer was added to the broken cell extract
to achieve 20% saturation and the precipitate was allowed
to form for 30 min at 4° C. followed by centrifugation
(13,000 x g, 30 min., 4

o

C.).

The supernatant was decanted

and ammonium sulfate solution was added to achieve 50%
saturation.

The precipitate was allowed to form for 30 min.

followed by centrifugation as above.

The precipitate was

resuspended in 7 ml of Tris dialysis buffer, dialyzed over-
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night against two 500 ml changes of buffer and stored
in 0.5 ml aliquots at -70° C.

The enzyme is stable at

this temperature with no loss of activity for as long as
8

months.

Preparation of Rat Liver Ornithine Decarboxylase
For Antizyme Titrations

In some experiments, partially purified preparations
of rat liver ornithine decarboxylase were used for the
quantitation of HeLa cell antizyme.

Male Sprague-Dawley

rats were maintained on a controlled feeding schedule one
week in order to obtain maximum induction of the enzyme (159).
This regimen consisted of a daily routine in which diet was
provided during 8 h. of the dark cycle followed by removal
of the diet during the next 16 h.

Rats were sacrificed on

the last day of the regimen 4 h. after refeeding and liver
ornithine decarboxylase was prepared as follows.
The liver was rapidly removed, washed and homogenized
(20%) in ice cold buffer (10 mM Tris'HCl, pH 7.2, 250 mM
sucrose, 1.0 mM EDTA,

0.05 mM pyridoxal phosphate, and

10 mM 2-mercaptoethanol).

Following centrifugation

(110,000 x g, 30 min., 4° C.), the supernatant was brought
to 50% saturation with solid ammonium sulfate, centrifuged
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(13,000 x g, 30 min., 4° C.) and the resulting precipitate
redissolved in homogenization buffer (minus sucrose) to
achieve a 5 fold concentration (v/v) of the original
homogenate.

The samples were dialyzed overnight against

two 500 ml volumes of homogenization buffer without sucrose
and aliquots were stored at -70° C. until used for assay.

Induction and Assay of Ornithine Decarboxylase-Antizyme

Ornithine decarboxylase-antizyme was induced in HeLa cell
suspension cultures by various diamines and polyamines.

Four

different methods for the induction of the antizyme involved
addition of inducers to:
a)

cultures which were stimulated to produce ornithine
decarboxylase by dilution with complete medium
(BME + 10% horse serum);

b)

cultures which were centrifuged and resuspended in
complete medium with no dilution of cell density;
a

c)

high density cultures (6 x 10
L-glutamine

d)

cells/ml) to which

(10 mM) was added with no fresh medium.

high density cultures (9x10^ cells/ml) which were
prepared by allowing cells to undergo 2 replication,
cycles

(48 h.) after dilution with fresh medium.

These cultures have very low ornithine decarboxylase
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activity allowing for the detection and quanti
tation of small amounts of the antizyme without
interference by endogenous enzyme.
The antizyme inducers were added to the cultures from
concentrated stocks which were neutralized and sterilized
by filtration through 0.22 pM Millipore filters.

Putres-

cine, spermidine, and spermine were obtained as di-,tri-,
and tetrahydrochlorides respectively from Calbiochem/
Behring Corp., and did not require neutralization.
1 ,3-diaminopropane; 2-hydroxy-l,3-diaminopropane; triethylenetetramine; and 1,7-diaminoheptane were obtained from
Aldrich Chemical Co., Milwaukee, WI,

as free bases and

stock solutions were neutralized to pH 7.2 prior to sterili
zation.

N-methylputrescine from our laboratory stocks also

required neutralization.
The assay for the ornithine decarboxylase antizyme
involved the addition of an extract from cells which were
incubated with antizyme-inducers to an ammonium sulfatefractionated extract from cells
ornithine decarboxylase.

stimulated to produce

After addition of the appropriate

o
inducer, cultures were incubated at 37 C. and the cells were
harvested (usually 4 h. later), by chilling on ice followed
by centrifugation (1000 x g, 3 min., 4° C.).

The cell
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pellets were resuspended and washed with one-half volume
of ice cold non-sterile saline.

The cells were pelleted

by centrifugation (1000 x g, 3 min., 4

o

C.) and resuspended

in Tris-dialysis buffer (50 mM Tris-HCl, pH 7.2, 4° C.,
0.1 mM EDTA, 0.05 mM pyridoxal phosphate, and 10 mM 2mercaptoethanol)

at 30-fold the concentration of the

original culture.
The cell suspension in Tris-dialysis buffer was frozen
and thawed 5 times and the broken cells were removed by
centrifugation (1700 x g, 15 min., 4° C.) .

The supernatant

containing the antizyme was either assayed directly or
stored at -70° C. for as long as 8 months with no loss of
inhibitory activity.

The inhibitory activity was also

found to be stable in whole cells which were suspended in
Tris-dialysis buffer and stored in the -20° C. freezer for
as long as 6 months prior to preparation of broken cell
extracts for antizyme assay.
The cell extracts in Tris-dialysis buffer were assayed
for the antizyme by titration against an ammonium sulfatefractionated extract containing 0.25-0.50 units of ornithine
decarboxylase activity.

The components of the assay were

added in the following order in all antizyme experiments:
0-0.15 ml of ornithine decarboxylase assay buffer (50 mM
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Tris-HCl, pH 7.2, 37° C . , 0.1 mM EDTA, 5.0 mM dithiothreitol,
0.05 mM pyridoxal phosphate); 0-0.15 ml of antizyme-containing extract; 0.05 ml of enzyme-containing ammonium
sulfate-fractionated cell extract; and 0.05 ml of 1.0 mM
14
L-ornithine containing 0.25 pCi DL-ornithine-1-

C.

The

assay volume was always 0.25 ml and the final concentrations
of the assay buffer components in all assays of antizyme
or enzyme were: 40 mM Tris-HCl, pH 7.2, 37° C., 0.08 mM EDTA,
4.0 mM dithiothreitol, 0.04 mM pyridoxal phosphate, and
0.2 mM L-ornithine containing 0.25 pCi DL-ornithine-1-

14

C.

Analysis of Polyamine Levels in HeLa Cells

Total cellular polyamine levels were assayed by the
method of Dion and Herbst (160) with slight adaptation for
g
cell cultures.
The cells (1 — 2 x 10 ) were pelleted by
centrifugation (1000 x g, 4° C . , 3 min.), resuspended and
washed with 5 ml of ice cold non-sterile saline and
centrifuged as above.

After centrifugation, the pellets

were drained completely and resuspended in 0.3 ml of highly
purified water.

Broken cell extracts were prepared by

freezing and thawing in water, an equal volume of 0.4 N
HC10

4*

was added and the suspension was held in the refrigera-

tor overnight.
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The precipitate was removed by centrifugation
(1700 x g, 4° C . , 15 min.,) and the acid soluble fraction
g
was treated with N -dimethylaminonapthalene-4-sulfonyl
chloride

(Dansyl-Cl) as follows: 0.2 ml of HCIO^ cell

extract, 0.4 ml of Dansyl-Cl (10 mg/ml in acetone) and
30 mg of ^ 2 ^ 3 were mixed in screw-cap 12 ml conical
centrifuge tubes, and allowed to react for 18 h. at room
temperature in the dark with continuous shaking.

0.1 ml of

L-proline (100 mg/ml in water) was added to each tube and
the reaction was continued for an additional hour to react
with excess Dansyl-Cl.

After the L-proline reaction with

excess Dansyl reagent, the acetone was removed with a
water-aspirator and each tube was extracted with vigorous
mixing on a Vortex mixer for 30 sec. with 0.5 ml of u.v.
grade benzene.

The mixture was separated by centrifugation

(1700 x g, 15 min., 4

o

C.) and the upper layer (benzene

extract) was transferred to a glass tube for storage at
-20° C.

The benzene extracts containing the Dansyl-poly-

amine derivatives are stable for at least two weeks in the
freezer.
The Dansy1-polyamine derivatives were quantitated on
TLC :

-es with a Turner model 110 filter fluorometer

equipped with a TLC scanning attachment and a Coleman 165
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recorder.

Mixtures of polyamine standards in 0.2 N HCIO4

were reacted with Dansyl-Cl along with each set of experi
mental samples and 4 pi aliquots (containing 20-60 picomoles of fluorescent derivatives) were spotted along with
10 pi of experimental benzene extracts on Linear-Q chan
nelled Silica-G plates (0.25 mm, Whatman).

The plates

were chromatographed in the dark in 100 ml of cyclohexane/
ethyl acetate (3:2) and the solvent allowed to migrate to
the top of the plate.
After chromatography, the plates were air dried and
sprayed with triethanolamine/isopropanol (1:4).

The spray

step is used to stabilize the fluorescence of the deriva
tives.

After spraying, the plates were dried with vacuum

for at least one h- prior to fluorescence analysis.

The

fluorescence of the derivatives on these plates is quite
stable and the plate can be stored for at least two months
under vacuum with little or no loss of fluorescence
intensity.

The polyamines in the experimental samples

were quantitated by comparing the fluorescence intensity
(as measured by peak heights on the recording) with that
of the standards spotted on each plate using a least squares
analysis of the data.
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Analysis of DNA Synthesis in Synchronized HeLa Cells

In order to study the S phase of the cell cycle, HeLa
cell suspension cultures were synchronized for DNA synthesis
by the method of Mueller and Kajiwara (150).

Suspension

cultures were treated with trypsin as described in MATERIALS
5
AND METHODS

(Cell Cultures) and seeded at 1 x 10

in complete medium-

cells/ml

32 h. after seeding, the cultures have

resumed log phase growth and the medium is supplemented with
thymidine (2 mM)

for the next 16 h-

thymidine treatment,

After the first

(48 h. after the initial seeding), the

medium was removed by centrifugation (50 x g, 25° C - , 10 min).
and the cells were washed twice with serum-free BME.

After

washing, the cells were resuspended in complete medium (+ 10%
serum) supplemented with 10 ^ M adenosine, cytidine, and
guanosine, and allowed to recover from the first thymidine
treatment by incubation for 8 h . , at 37° C-

After the

recovery period (56 h- since the original seeding), the
cultures were supplemented again with 2 mM thymidine for
16 h.

After the second thymidine treatment (72 h. since

the initial seeding), the cells were collected and washed
twice with serum-free medium, and resuspended in complete
medium supplemented with the other deoxyribonucleosides as
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above.

The S phase was studied for 8 h. after the release

from the second thymidine treatment (72-80 h. since the
initial seeding).
The analysis of DNA synthesis during the S phase of
synchronized HeLa cells was accomplished by quantitating
3
the incorporation of [methyl- H]-thymidine into acidprecipitable material.
transferred

5 ml aliquots of culture were

aseptically to 12 ml sterile, siliconized,

centrifuge tubes equipped with a rubber stopper.
[methyl- H]-thymidine

2.0 pCi of

(20 pCi/ml, sterile water) was added

to each aliquot, the tubes gassed for a few seconds with
5% CC>2/95% air, mixed well and incubated for 30 min. at
37

O

Q

C. at an S.

slant.

Following incubation, the tubes

were chilled on ice and 5 ml of ice cold non-sterile saline
was added immediately to stop the incorporation.

The cells

were collected by centrifugation (1000 x g, 10 min., 4° C . ),
washed once with 5 ml of ice.cold saline, centrifuged as
above, and the pellet was resuspended in the residual saline
after decanting the supernatant.

The cells can be held at

4° C. for as long as 24 h. prior to assay of acid precipitable material for isotope incorporation.
3 ,
Acid precipitable material was analyzed for [methyl- Hjthymidine incorporation by a glass fiber filter technique as
follows.

A Millipore multi-filter manifold was equipped with
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Whatman 24 mm GFC filters pre-moistened with cold saline.
3.0 ml of cold saline was added to the resuspended cells
and the contents of the tubes were poured into the filter
well with moderate vacuum.

The tubes were washed with an

additional 3.0 ml of saline and the rinsings poured into
the wells.

The cells were precipitated on the filters by

allowing 15 ml of 4% HClO^ to filter through without
vacuum.

After precipitation, the vacuum was applied

maximally, and the precipitates washed with 15 ml of 80%
ethanol followed by 15 ml of 100% ethanol.

The filters

were dried under a heat lamp and placed in 5 ml of
Omnifluor/toluene and counted for
3
[Methyl- H]-thymidine

3
H at 27% efficiency.

(6.7 Ci/mmole) was obtained from New

England Nuclear Corp., Boston, MA.

Analysis of DNA Synthesis in Isolated Nuclei

In order to study DNA synthesis in isolated nuclei,
cells were synchronized as described in the previous section
with the exception that the addition of adenosine, cytidine
and guanosine was omitted during the recovery periods

(the

time course of thymidine incorporation was unchanged by
this omission).

Cells were harvested in S phase at the times

indicated in experiments and nuclei were prepared by homo-
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genization in hypotonic buffer and assayed for the
incorporation of

3

H-TMP into acid insoluble material.

This methodology involved modifications of the methods
of Brun and Weissbach (151),

Krokan et al.,

(152,153),

and Mueller (154).
Cells were harvested by centrifugation (50 x g, 25° C . ,
10 min.) and washed with 0.2 volumes of ice cold buffer A
(2 mM EGTA, 3.0 mM MgCl^, 2.0 mM 2-mercaptoethanol, 10 mM
HEPES, pH 7.5, 4° C.).
3 min., 4

o

After centrifugation (1000 x g,

C.), the cells were resuspended in buffer A at a

concentration of 10-20 x 10

cells/ml, transferred to a

15 ml Dounce homogenizer and allowed to swell for 10 min.
After swelling, the cells were homogenized with 25 strokes
of the homogenizer pestle and 0.5 volume of buffer B
(2.0 mM EGTA, 3.0 mM MgCl2 , 6.7 mM HEPES, 50 mM Glucose,
0.15% Triton-XlOO, 340 mM Tris-HCl, pH 8.1, 20° C.) were
added to restore isotonicity.
The contents of the homogenizer were transferred to a
12 ml Corex round bottom centrifuge tube, the homogenizer
was washed with 5-10 ml of buffer C (2.0 mM EGTA, 3.0 mM
MgCl , 1.3 mM 2-mercaptoethanol,
2

50 mM Glucose, 0.05% Triton-

X100, 6.7 mM HEPES, 113 mM Tris-HCl, pH 8.1, 20° C.)
the washings were transferred to the centrifuge tubes.

and
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After centrifugation,

(1000 x g„ 5 min-, 4° c.) the nuclei

were resuspended in buffer D (2 mM EGTA, 3.0 mM MgCl2 »
50 mM Glucose, 1.3 mM 2-mercaptoethanol,
113 mM Tris-HCl, pH 8.1, 20° C.).

6.7 mM HEPES and

0.05 ml aliquots

stained with Erythrosin B were counted with a hemocytometer
and 0.5 ml aliquots containing 2-4 x 10

6

nuclei were

distributed to assay tubes and centrifuged (1000 x g, 3 min. ,
4

o

C.).

The recovery of nuclei from the starting culture

ranged from 60-80%.
After centrifugation, the nuclear pellets were drained
and resuspended in 0.2 ml incorporation mixture (50 mM TrisHCl, pH 8.1, 20° C . , 8 mM MgCl2 , 6.5 mM ATP, 2.0 mM dithio
threitol, 50 mM NaCl, 0.1 mM each of dGTP, dATP, dCTP, dTTP,
3
and 1.25 pCi [methyl- H]-thymidine-5’-triphosphate.
The tubes were incubated in the incorporation mixture
at 37

o

C. for 0-40 m m .

in a shaking water bath.

Following

incubation, the tubes were placed on ice and 3.0 ml of ice
cold buffer D were added immediately.

The nuclear suspen

sions were filtered on GFC filters as described previously
with the- exception that the filters were pre-moistened with
buffer D, and this buffer replaces saline in the rinsing
step.

Precipitation with 4% HCIO^ and washing with ethanol

followed by analysis of

3
H by liquid scintillation counting
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was identical with the whole cell procedure.

Acid-

precipitable counts with the filter technique were
compared to the hydrolysis method of Krokan et al.,
(152,153), and found to be equivalent.

In the studies

of Krokan et al., HeLa cells synchronized for S phase
with the double thymidine block were shown to incor3

porate

H-thymidine into DNA following isolation of

the DNA fraction of cell extracts after removal of
protein and hydrolysis of RNA.
Tris-HCl, HEPES, EGTA, deoxyribonucleotide tri
phosphates and dithiothreitol were all obtained from
3
Sigma.
Triton-XlOO and [methyl- H]-thymidine-5'-tri
phosphate (17.3-18.8 Ci/mmole) were obtained from New
England Nuclear.

Ill-

RESULTS AND DISCUSSION

Cell Viability

In order to assess the toxic effects of exogenouslyadded polyamines and diamines in HeLa cell suspension
cultures,

the vital dye technique described in MATERIALS

AND METHODS was employed in several experiments (Table 2).
Dose-responses for the toxicity of 1,3-diaminopropane (PD),
2-hydroxy-l,3-diaminopropane

(PDOH), putrescine (P),

spermidine (SD) and spermine (S) were determined by adding
these compounds at the levels indicated at the time of
dilution of high density cultures (6 x 10
fresh medium.

5

cells/ml) with

The viability is calculated as the percentage

of the total cells in the culture which are unstained at the
time of examination.

Severe loss of viability is associated

with lysis of the cells.

The vital dye technique was used

regularly to examine experimental cultures and all bio
chemical and biological data in this section involve cultures
with a 98% viability or greater unless otherwise indicated.
The results in Table 2 indicate that the toxic concen
tration of the diamines and polyamines added to HeLa cell
suspension cultures are in excess of 1 mM.
76
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TABLE 2

Toxicity of Exogenously Added Diamines and Polyamines

HeLa cultures were diluted with fresh complete medium
as described in MATERIALS AND METHODS.

The amines were

added at the time of refeeding and cell viability was
determined as described.
% Viability
Compound

mM

5 h.

24h.

PD
PD
PD
PD

1.0
2.0
4.0
10.0

98
99
99
88

100
59
0
0

PDOH
PDOH
PDOH
PDOH

1.0
2.0
4. 0
10.0

98
98
98
88

99
76
0
0

P
P
P

1.0
5. 0
10.0

98
98
87

99
73
13

SD
SD

1.0
5.0

98

100
0

S
s

1.0
5.0

—
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100
0
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Induction of Ornithine Decarboxylase and Inhibition
by Diamines and Polyamines

When asynchronous, quiescent, high density suspension
cultures (6 x 10^ cells/ml) are diluted with complete medium
(BME + 10% horse serum), a rapid and transient induction of
ornithine decarboxylase activity occurs-

Unstimulated cul

tures (no dilution) do not exhibit this response as shown in
Figure 1.
This response to serum replenishment was used regularly
to induce ornithine decarboxylase and was very reproducible
with respect to time course (maximum at 4-6 h.) and enzyme
activity.
When refed cultures (suspension cultures diluted with
an equal volume of complete media) are supplemented with
1.0 mM PD or 1.0 mM PDOH, the induction of ornithine
decarboxylase activity is completely prevented, as shown
in Figure 2.

These data are the results of two separate

experiments as indicated in the legend.

The marked induction

of enzyme activity was prevented for the entire 24 h. period
(1 generation) by these non-physiological diamines.
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FIGURE 1

Time Course of the Induction of Ornithine
Decarboxylase in HeLa Cell Suspension Cultures

High density cultures were either left in the "spent"
medium ( ® ---- 9
media

( #

#

) or diluted with equal volumes of complete
) and analyzed for ornithine decarboxylase

activity (ODC) at the times indicated as described in
MATERIALS AND METHODS.

The units of enzyme activity are
g

nanomoles of CO^ released per h. per 10

cells.

O DC
o

08

-fc

(units)
M

O
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FIGURE 2

Inhibition of Ornithine Decarboxylase
Activity by Non-physioloqical Diamines

Ornithine decarboxylase activity (ODC) was measured in
refed cultures at the times indicated as described in
MATERIALS AND METHODS.
(O

O

Experiment 1 included refed cultures

) and refed cultures supplemented with 1.0 mM

1,3-diaminopropane (PD, O
refed cultures (81---- 0

O ).

Experiment 2 included

) and refed cultures supplemented

with 1.0 mM 2-hydroxy-l,3-diaminopropane (PDOH, 8B
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The units of ODC activity are the same as in Figure 1.
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A dose-response study was undertaken to establish
the correlation between the addition of diamines and
polyamines with the inhibition of ornithine decarboxylase
activity in refed HeLa cultures.

In this experiment

(Figure 3), it was found that the non-physiological
diamines were less inhibitory than the physiological
"polyamines".

Refed cultures were analyzed for ornithine

decarboxylase activity 4 h. after refeeding with complete
medium and supplementation with the various compounds at
the concentrations indicated in the figure.

The results

are expressed as a percentage of the activity found in
control cultures fed with complete medium only.

Induction and Quantitation of the
Ornithine Decarboxylase-antizyme

Initial experiments were performed to detect a maximum
induction of the antizyme in high density cultures which
were subjected to a complete change of media.
cultures

(6 x 10

5

High density

cells/ml) were centrifuged (50 x g, 10 min,

o
25

C . ) and resuspended in complete medium (BME + 10% horse

serum).

The 100% refed cultures were supplemented with 10 mM

putrescine and incubated for 4 h. at 37° C.

Dialyzed cell

extracts were prepared and assayed for antizyme activity
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FIGURE 3

Dose Response for the Inhibition of Ornithine
Decarboxylase Activity in HeLa Cells
by Diamines and Polyamines

Ornithine decarboxylase activity (ODC) was measured in
refed cultures as described in MATERIALS AND METHODS.

The

inhibition of enzyme activity by supplementation at the time
of refeeding with PD, PDOH, P, SD, and S at the levels
indicated is expressed as a percentage of the activity in
control cultures.

SD

ODC

(percent)

120
100
PDOH

80
PD

60
40
20
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with partially purified HeLa ornithine decarboxylase as
described in MATERIALS AND METHODS.
in Figure 4.

The results are shown

The dotted line represents titration of the

enzyme preparation with an aliquot of the extract from the
putrescine-treated cells which was heated for 10 min. at
100° C.
That this inhibitory activity is not due to the
presence of putrescine in the extract is demonstrated by
the fact that the concentrations of putrescine in the
dialyzed extract (1.4 x 10
extract (4 x 10
in vitro.

-5

_7

M ) , or even in an un-dialyzed

M) were insufficient to cause inhibition

In vitro inhibition of ornithine decarboxylase

by putrescine occurs at concentrations in excess of 10
(data not shown).

Further

-4

M

data supporting this interpre

tation are presented in Figure 5.

In this experiment, the

antizyme-containing extracts were prepared following
induction with 10 mM putrescine as described in MATERIALS
AND METHODS.

Half of the preparation was dialyzed over

night against two changes of dialysis buffer while the
other half was held in the refrigerator (4° c.).

The

following day, both the dialyzed and un-dialyzed extracts
were titrated against approximately 0.3 units of partially
purified rat liver ornithine decarboxylase (prepared as

87

FIGURE 4

Titration of HeLa Ornithine Decarboxylase with
Extracts from Cells Treated with 10 mM Putrescine

The preparation of cell extracts containing ornithine
decarboxylase (ODC) and ODC-antizyme is described in the preceeding text and in MATERIALS AND METHODS.

Dialyzed antizyme-

containing extract ( & ---- # ) and boiled extract ( • -----• )
were titrated (0-150 ul) against 50 ul of HeLa ornithine
decarboxylase preparation containing 0.5 E.U.
enzyme activity.

(nmoles CO /h )
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FIGURE 5

Titration of Rat Liver Ornithine Decarboxylase
with HeLa Antizyme Preparations

Induction and preparation of HeLa antizyme and rat liver
ornithine decarboxylase are described in the text and in
MATERIALS AND METHODS.
( ffi

Dialyzed (O

O) and un-dialyzed

0 ) antizyme-containing extracts were titrated against

50 ul of rat liver enzyme containing 0.3 units of activity
(0.3 nmoles CO /h.).
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described in MATERIALS AND METHODS.

As shown in Figure 5,

there is little difference between the two preparations
(indeed the dialyzed extract is slightly more inhibitory),
indicating that endogenous putrescine is not responsible
for the inhibitory activity.

This result also demonstrates

the cross-reactivity of human ornithine decarboxylaseantizyme and the enzyme from rat liver.
Experiments with other compounds were carried out to
demonstrate the induction of the antizyme by the non
physio logical diamine,

1,3-diaminopropane, and the.

physiological "polyamines", putrescine, spermidine and
spermine.

A representative experiment is shown in Figure 6.

All of these compounds, when added to refed cultures, are
capable of inducing antizyme activity.
A time course of antizyme induction (Figure 7) illu
strates that maximum inhibitory activity was achieved
within 2 h. and remained at the maximum for at least 3 h.
regardless of the amine inducer used.

The loss of antizyme

activity with spermine was attributed to the toxic effect
of the compound (Trypan Blue staining).
Experiments described up to this point involve the
quantitation

of

antizyme activity in extracts from cells

which were treated with relatively high and toxic concentra-

i
;
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FIGURE 6

Induction of the Antizyme by Diamines and Polyamines

Dialyzed cell extracts from refed cultures to which the
compounds indicated were added were prepared and assayed for
antizyme activity as described in MATERIALS AND METHODS.
Extracts

(25-150 pi) from cells grown in medium containing

PD (10 m M ) , P (10 mM)/ SD (5 mM) and S (5 mM) , were titrated
against 50 pi of HeLa cell ornithine decarboxylase prepara
tion containing 0.7 units (nmol C02/h.) of enzyme activity.
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FIGURE 7

Time Course of Antizyme Induction

Refed HeLa cell cultures were supplemented at the time
of refeeding with P (10 m M ) , PB (10 m M), SD (5 m M ) , and
S (5 m M).

Assay of the inhibitor was performed as described

in MATERIALS AND METHODS by titration against 50 pi of a
HeLa cell ornithine decarboxylase

(ODC) preparation con

taining 0.5 units (nmoles CO^/h.) of enzyme activity.

1 unit

of antizyme activity is defined as that amount of inhibitor
required to neutralize 1 unit of ODC activity.

Units

of ODC

Antizyme

0.35
0 .3 0
0 .2 5
0.20
0 .1 5
0.10
PD
SD

0 .0 5

0

2

E---

4
Hours

6

8
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tions of amine inducers (5-10 mM ).

Experiments with

lower concentrations of inducers of the inhibitor were
performed with high density,
results are shown in Table 3.

100% refed cultures and the
In some experiments, anti

zyme activity was induced in the high density cultures
(6 x 10"* cells/ml)
10 mM L-glutamine.

in "spent" media supplemented with
As shown in Table 3, there were measure-

able amounts of antizyme activity in these spent cultures
when high concentrations (5-10 mM) of inducer were used.
Note that N-methylputrescine is also capable of inducing
the antizyme.

The lower titers of inhibitor produced by

lower amounts of inducers (0.1-1.0 mM) reflect a dosedependent response for the induction of the inhibitor.
Experiments with antizyme induction up to this point
represent the titration of partially purified preparations
of HeLa cell ornithine decarboxylase with extracts which
contain the inhibitory activity in excess of endogenous
enzyme activity.

Feeding of cultures with fresh complete

medium or supplementation of spent culture medium with
10 mM L-glutamine leads to the production of substantial
amounts of enzyme activity (which presumably forms complexes
with the antizyme leaving only the excess inhibitor for
titration);-

At this time, we have been unable to develop a
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TABLE 3

Ornithine Decarboxylase-antizyme Titers Induced
by Diamines and Polyamines

Ornithine decarboxylase-antizyme was induced in high
density HeLa cell cultures (6 x 10

5

cells/ml) by the

addition of diamine or polyamine as indicated.

The units

of antizyme activity were estimated from the titration
assays performed as described in MATERIALS AND METHODS.
Antizyme units are the same as in Figure 7.

Antizyme Inducer

Units of Antizyme/10^ cells

Putrescine (1 mM)
1.3-Diaminopropane (1 mM)
2-Hyrdroxy-l,3-diaminopropane (1 mM)
Spermidine (0.1 mM)
Spermine (0.1 mM)
Putrescine (10 mM)
1.3-Diaminopropane (10 mM)
Spermidine (5 mM)
Spermine (5 mM)
N-Methylputrescine (10 mM)

0.10*
0.07*
0.06*
0.07*
0.07*
0.24*, 0.41**
0.28**
0.12**
0..28**
0.33*

* Antizyme induced in 100% refed cultures
** Antizyme induced in cultures in "spent" medium
supplemented with 10 mM L-glutamine,
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technique in our laboratory for the assay of total
antizyme activity, bound and free.

Therefore, experi

ments to circumvent this difficulty were designed.
As shown in Figure 1, cultures which were not re fed
with fresh complete medium did not undergo the induction
of ornithine decarboxylase.
cultures

We used such "medium starved"

(low in endogenous enzyme activity) to demonstrate

the induction of ornithine decarboxylase-antizyme by low
concentrations of amines.

High density cultures

(6 x 10^

cells/ml) were allowed to incubate in their "spent" medium
for 24 h.
1 x 10

6

inducers

(the cell density increased to a maximum

cells/ml).

At this time,

low concentrations of

(1.0 pM - 1.0 mM) capable of inhibiting ornithine

decarboxylase, were added.
were prepared

and

Extracts from these cultures

assayed for antizyme activity 4 h. after

addition of the various inducers as described in MATERIALS
AND METHODS.

As shown in Table 4, there is a good correla

tion between the inhibition of ornithine decarboxylase
taken from Figure 3) and the induction of the antizyme.

(data
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TABLE 4

Correlation of Ornithine Decarboxylase Inhibition
With Induction of the Antizyme

HeLa cell cultures were incubated in the "spent" medium
for 24 h. as described in the text and in MATERIALS AND
METHODS.
Ornithine decarboxylase-antizyme was assayed 4 h.
after the addition of the indicated amounts of amine
inducer.
The data for the inhibition of ornithine decarbox
ylase is taken from Figure 3. r is the coefficient of
correlation between inhibitor production and enzyme inhibi
tion. The units of antizyme are the same as in Figure 7.

Inducer

Inhibition of ODC (%)

Antizyme Units

r

PDOH
PDOH
PDOH
PDOH

0. 1
0. 2
0. 5
1.0

mM
mM
mM
mM

1.10
43.4
91.8
97. 1

0.007
0.013
0.019
0.022

0.991

PD
PD
PD
PD

0.1
0.2
0.5
1.0

mM
mM
mM
mM

40.9
68.6
93. 2
97.0

0.008
0.011
0.020
0.022

0. 962

1.0
5.0
10.0
50.0

pM
pM
pM
pM

45. 9
81.7
88.0
93. 5

0.000
0.014
0.017
0.020

0.998

SD
SD
SD
SD

0. 1
0.5
1.0
5.0

pM
pM
pM
pM

15. 7
91.0
93. 1
94. 1

0.000
0.013
0.017
0.021

0. 945

S
S
S
S

0. 1
0.5
1.0
5.0

pM
pM
pM
pM

48.8
89.1
93. 1
93.3

0.000
0.016
0 .020
0.022

0. 996

P
P
P
P
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Inhibition of Ornithine Decarboxylase
by Polyamine Analogs

Relyea and Rando (155) reported the synthesis of a
competitive inhibitor of ornithine decarboxylase; dehydroputrescine (1,4-diamino-2-butene).

We have tested the .

inhibitory activity of this compound in refed HeLa cell
cultures and ODC-antizyme in cell extracts was assayed.
The results of these studies are summarized in Table 5.
There is a close correlation between the inhibition of the
enzyme in cell cultures and the inhibition of ODC _in vitro.
However,

this compound is also capable of inducing measure-

able amounts of ornithine decarboxylase-antizyme

(data not

shown), and it would be difficult to distinguish this
activity from competitive inhibition of the enzyme in HeLa
cells.
Other compounds which were tested for the inhibition
of ornithine decarboxylase in HeLa cells are listed below:

Compound

Structure

Abbreviation

N-methylputrescine

NH (CH„)„NHCH

N , N ‘-dimethylputrescine

CH NH(CH ) NHCH
DMP
3
24
3
NH
(CH )NH(CH ) NH(CH ) NH
TT
2
22
22
2 2 2
H N(CH ) NH
DHP
2
2 7 2

Triethylene tetramine
1,7-diaminoneptane

2

2

4

3

NMP
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TABLE 5

Inhibition of Ornithine Decarboxylase by Dehydroputrescine

Refed HeLa cell cultures were supplemented with the
indicated amounts of the compound at the time of refeeding.
Cell extracts were prepared after 4 h. and assayed for
ornithine decarboxylase activity as described in MATERIALS
AND METHODS.
In vitro analysis was performed with 50 |jl
aliquots of partially purified preparations of enzyme
containing 0.5 units (nmoles C02/h.) of activity.
The
results in culture are normalized for cell counts.

Dehydroputrescine (M) ODC in culture (cpm)
0.0
1 X'-IO
1 x 10

-6
-5

1 x 10“4
1 x 10“3

ODC in vitro (cpm)

3246

2177

2592

2219

2000

1478

446

189
120
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These compounds inhibit enzyme activity in HeLa cells,
(Table 6 ), and detectable amounts of the antizyme are found
in extracts from "medium starved" cultures after incubation
with each of the compounds above except diaminoheptane
(data not shown).

It is interesting to note that the

methylation of both putrescine nitrogens seems to reduce
the inhibitory potential.

None of these compounds were found

to effect cell proliferation when added at levels as high as
1 mM to refed cultures for 48 h.
An aspect of ornithine decarboxylase that I have not
yet discussed in detail is the regulation of the enzyme
activity in response to increasing concentrations of inor
ganic cations in the media of cultured cells.
has been reviewed by Canellakis et a l., (127).

This subject
The activity

of the enzyme in response to lowering the ionic strength of
the media generally increases, while addition of Mg
Ca

2+

2+

or

or increasing the ionic strength generally leads to a

reduction of ornithine decarboxylase activity.
I have examined the effect of Mg

2+

in refed HeLa cell

cultures on the induction of ornithine decarboxylase activity
and compared it with results from experiments in which Mg
was added to partially purified enzyme preparations.

2+
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TABLE 6

Inhibition of Ornithine Decarboxylase in
HeLa Cells by Polyamine Analogs

Refed HeLa cell cultures were examined for the effect
of the compounds below on the induction of ornithine decarbox
ylase activity.
Cell extracts were prepared and assayed for
ornithine decarboxylase activity as described in MATERIALS
AND METHODS.
Results are expressed as a percentage of the
activity of control cultures (diluted with complete medium
without additions).

Compound

ODC (%) at Concentration (M)
—

—

—

—

—

10

10

10

10

10

73

56

19

12

7

100

100

16

9

5

DHP

74

22

14

11

5

DMP

_

100

94

41

NMP
TT
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As shown in Table 7, the inhibition in both cases is
dose-dependent and Mg
added to the cells.

2+

is slightly more effective when

This enhanced potency may be be a

reflection of a cellular mechanism which is operating to
concentrate the Mg
the enzyme.

2+

thereby enhancing the inhibition of

An alternative explanation is that the induction

of enzyme activity is prevented at the transcriptional and/or
post-transcriptional level of regulation.

A third interpre-

tation of the results shown in Table 7 is that Mg

2+

is

capable of eliciting the induction of the ornithine decarboxylase-antizyme.

Experiments with 100% refed cultures and

"medium-starved" cultures failed to demonstrate the presence
of the antizyme.

Furthermore, when extracts of Mg

2+

-treated

cells were dialyzed and assayed, there was no increase in
enzyme activity.
Mg

2+

,

Irreversible inhibition of the enzyme by
.

or undefined transcrlptional/post-transcriptional con

trol mechanisms may be responsible for the inhibition of
2+

ornithine decarboxylase in HeLa cells treated with Mg
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TABLE 7

Inhibition of Ornithine Decarboxylase by Mg

2+

Refed cultures were treated with the indicated concen2+
trations of Mg
at the time of refeeding and assayed for
ornithine decarboxylase (ODC) as described in MATERIALS
AND METHODS.
The effect of Mg^+ on the ill vitro activity
of a partially-purified preparation of HeLa cell ODC is
compared with the inhibition of the enzyme _in vivo.

ODC (CPM)
Mg

(mM)

In Culture

In Vitro

o
•
o

4759

3708

1
—1
•
o

4800

3377

1.0

3481

3700

10.0

592

3293

50.0

205

592
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Effect on 2-Hydroxy-l,3-Diaminopropane on HeLa Cell
Proliferation and Cellular Polyamine Levels

We have examined the effect of prolonged exposure of
HeLa cell cultures to 1.0 mM 2-hydroxy- 1,3-diaminopropane
(PDOH) on cell proliferation.

Table 8 is an outline of the

experimental protocol for these studies.
Incubation of HeLa cells in complete medium supple
mented with 1.0 mM PDOH is sufficient to induce the anti
zyme and leads to a complete inhibition of ornithine
decarboxylase

(Figure 1, and Table 4).

Cultures were

centrifuged (50 x g, 25° C. , 10 min.) and resuspended
(2.5-3.0 x 10

cells/ml)

in complete medium with and

without PDOH.

For comparison, experiments with 1.0 mM

putrescine (P) were included.

At 24 and 48 h . , the cells

were centrifuged and resuspended(with and without amines)
in complete medium.
The result of these additions on the proliferation
of HeLa cells are shown in Table 9.

PDOH treatment causes

a complete inhibition of cell proliferation within 48 h.
while putrescine has only a slight effect.

The effect on

cell proliferation is reversible in the sense that with
drawal of the compounds is followed by an essentially normal
cell division process.
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TABLE 8

Experimental Protocol for Studies of the Anti-proliferative
Properties of Putrescine and 2-Hydroxy-l,3-Diaminopropane

Culture conditions are described in the text.
BME
means complete medium change, at the times indicated, by
centrifugation and resuspension with BME + 10% horse
serum.

Culture

0 h.

24h.

48 h.

Control

BME

BME

BME

PDOH

BME + 1 mM PDOH

BME + 1 mM PDOH

BME

P

BME + 1 mM P

BME + 1 mM P

BME
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TABLE 9

Effect of Putrescine and 2-Hydroxy-1,3-Diaminopropane
on HeLa Cell Proliferation

Cultures were treated with the amines as described in
the text and in Table 8 . Cell counts are the mean of
triplicate cultures + S.-E.M. The numbers in parentheses
are the cell density to which the culture was adjusted
after the change of medium.

Cell Density (cells/ml x 10

Antizyme Inducer
Exp.

0 h.

-3

) at:

24 h.

48 h.

72 h

1

None

266

533+9 (266)

534+19 (267)

562+9

PDOH (1 mM)

266

411+7 (257)

263+11 (263)

429+9

None

300

570+19 (285) 580+12 (290)

570+36

P (1 mM)

300

584+23

424+33

Exp. 2

(292) 484+27

(242)
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Since PDOH is not a compound normally present in HeLa
cells and does not serve as a substrate for polyamine
synthesis (observation in our laboratory), it was of
interest to determine whether the cessation of cellular
proliferation was accompanied by a depletion of intra
cellular polyamines.

Polyamine analyses were performed

as described in MATERIALS AND METHODS.

Representative

standard curves are shown in Figure 8.
Samples for polyamine analysis were taken from the
same cultures in the experiments shown in Table 9, and
the concentrations of intracellular polyamines are shown
in Table 10.

Putrescine concentrations were eliminated

within 48 h. while spermidine and spermine were decreased
86% and 69% respectively.

Polyamine concentrations during

the recovery period following the withdrawal of PDOH
demonstrate an apparent commitment of the cells to synthe
size spermine.

Putrescine had only a marginal effect on the

concentrations of spermidine and spermine (reduced 18% and
27% respectively at 48 h.).
The recovery period (48-72 h.) in these experiments was
studied to determine if it is associated with a return of
ornithine decarboxylase activity.

As shown in Figure 9,

after a short lag the enzyme activity returns to a normal

FIGURE 8

Standard Curves for Analysis of Polyamines in HeLa Cells

Polyamine analyses were performed as described in MATE
RIALS AND METHODS.

The results are expressed as the height

of the recorder tracing peaks obtained from the fluorescence
of each standard Dansyl-polyamine derivative.
diamino propane ( ®----- & ) ; Putrescine ( S
spermidine ( A

A

) and spermine ( O

Symbols: 1,3S );

O ).

The lines

were drawn by least squares analysis of the points shown and
correlation coefficients ranged from 0.98 to 1.0 .

PEAK
o

oo
pm oI

ro
X

O

III

ro
cn

H E I G H T ( rnm )

cn
O

cn

O

o

ro
cn

CJI
O

TABLE 10
Effect of Putrescine and 2-Hydroxy-l, 3-Diaminopropane on I-IeLa Cell Polyamine Levels

The cultures from the experiments shown in Table 9 were analyzed for putrescine,
2-hydroxy-1,3-diaminopropane, spermidine, and spermine as described in MATERIALS AND
METHODS.
Polyamine data are the mean polyamine levels +_ S.E.M.
Diamine or Polyamine
Antizyme Inducer

(nmol/10^ cells)

Incubation (h)
PDOH

P

SD

S

Exp. 1
None
None
None

0-24
24-48
48-72

Absent
Absent
Absent

1.58 + 0.10
1.78 + 0.07
1.81 + 0.01

3.09 + 0.07
3.83 + 0.12
3.53 + 0 .12

3.50 + 0.21
5. 25 + 0.26
2.83 + 0.11

PDOH (1 mM)
PDOH (1 mM)
No ne

0-24
24-48
48-72

9.84 + 0. 36
16 .3 + 2. 3
3.14 + 0. 41

0.34 + 0.03
Absent
0.53 + 0.07

0.85 + 0 .12
0. 55 + 0.04
1. 59 + 0.17

2.83 + 0.11
1.65 + 0.04
7.25 + 0.84

None
None
None

0-24
24-48
48-72

Absent
Absent
Absent

1.28 + 0.17
1. 10 + 0.13
0.96 + 0.09

2.31 + 0. 25
2.56 + 0.39
2.51 + 0.21

2.84 + 0.18
3. 27 + 0. 59
3. 50 + 0. 17

P (1 mM)
P (1 mM)
None

0-24
24-48
48-72

Absent
Absent
Absent

17.9 + 1.4
23.8 + 1.1
2.35 + 0.14

1.87 + 0.07
2.11 + 0. 19
3.24 + 0.30

2.00 + 0. 07
2. 40 + 0.22
3.53 + 0.40

Exp. 2
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FIGURE 9

Recovery of Ornithine Decarboxylase Activity Following
Withdrawal of 2-Hydroxy-l,3-diaminopropane

Ornithine decarboxylase activity was assayed in extracts
from cells following withdrawal of 1 mM PDOH as described in
MATERIALS AND METHODS and in Table 8 .

Enzyme activity (ODC)

is expressed in units (nmol CO /h.) in the cells at the times
2
indicated.

i

7*

ODC

( u n i t s
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114
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level and is maintained 10 h. after withdrawal of 1 mM
PDOH.

During the recovery from PDOH treatment there is

evidence of enhanced spermine synthesis by 72 h.

(Table 10).

The lag in the recovery of ornithine decarboxylase
activity (Figure 9) may be due to the high concentrations
of PDOH in the cells at 48 h.

PDOH was determined following

the withdrawal of the compound and the results are shown in
Figure 10.

PDOH is reduced precipitously during the period

in which the enzyme activity remains low.

This experiment

also demonstrates that concentrations of PDOH which are
higher than the concentrations of intracellular polyamines
are required to cause inhibition of the enzyme activity.
That is, ornithine decarboxylase activity begins to increase
C.

when PDOH is reduced to less than 10-15 nmol/10 cells.
-4
When cells were incubated with 10
M spermine (a concentra
tion in the medium which is several orders of magnitude
greater than the concentration required to completely
inhibit ornithine decarboxylase activity, Figure 3), the
level of cellular spermine was increased to only 5.5 nmol/
10

6

cells.

One consideration is that the higher levels of

intracellular polyamines are not directly responsible for
the induction of the antizyme within the cell.

A membrane

FIGURE 10

2-Hydroxy-l,3-diaminopropane in HeLa Cells
Following Removal of the Compound from the Medium

Polyamine analysis was performed in HeLa cell cultures
subjected to incubation for 48 h. with 1 mM PDOH during the
period of recovery following the removal of the compound by
centrifugation and resuspension of the cells in complete
medium.
the text.

Culture handling is described in Figure 8 and in

PDOH
_

O
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_

j
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)
N>

mechanism has been postulated for the induction of orni
thine decarboxylase

(69) and antizyme (106).

This

proposal is based upon the observation that colchicine
blocks enzyme induction and that concentrations of poly
amines that are insignificant in comparison to the total
cell pool can lead to complete inhibition of the enzyme.
Data in this dissertation on the induction of the antizyme
with low concentrations of inducers (Table 4) support the
hypothesis that the induction of the antizyme may be a
compartmentalized process.

However, I feel that it is

unnecessary to evoke a membrane mechanism for the induction
of the antizyme.

It is possible for the small amounts of

added diamines and polyamines to exert their effect intracellularly if these amoumts represent an increase in the
pool of free polyamines available for antizyme induction.
The bulk of cell polyamines may represent a pool of function
ally active or "bound" polyamines which are not capable of
eliciting the induction of the antizyme.

It follows that

the pool of free polyamines is small and that the addition
of small amounts of the compounds to the medium results in
a significant increase in the free polyamine pool.

This

hypothesis is directly opposite to the membrane hypothesis
(106) in that these authors consider the bulk of total cell
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polyamines to be dispensible.

Preliminary Experiments Involving the Effect
of Polyamine Depletion on DNA Synthesis

Initial experiments using the incorporation of
3
H-thymidxne in synchronized HeLa cell cultures (MATERIALS
AND METHODS) demonstrated that there was a 50% reduction of
DNA synthesis in cells that were treated with 1.0 mM PDOH
for 48 h. and resuspended in fresh medium containing 1.0 mM
PDOH.

The failure of reversing this reduction by supple

mentation of the polyamine-depleted cells with polyamines
necessitated the development of an extended polyaminedepletion protocol involving the exogenous addition of 1.0
mM DFMO for 24 h. following 48 h. treatment of the cultures
with 1.0 mM PDOH.

In order to examine DNA synthesis follow

ing the DFMO treatment,

the double thymidine procedure for

achieving synchronous DNA synthesis (MATERIALS AND METHODS)
was employed.

Characterization of S Phase and Proliferation
in Synchronized HeLa Cells

HeLa cultures were synchronized and assayed for DNA
synthesis as described in MATERIALS AND METHODS.

The
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characterization of the double thymidine block is pre
sented in Figure 11.

It can be seen that the thymidine

incorporation is characteristic of S phase DNA synthesis
with respect to intensity and time course (150).

The

proliferation phase is also very characteristic of
synchronized HeLa cells (121,150) and the degree of
synchrony is good as evidenced by the completion of pro
liferation within a 4 h. period.

Effect of Extended Treatment of Synchronized HeLa
Cells with °(-Difluoromethylornithine on Intra
cellular Polyamines. DNA Synthesis and
Proliferation

The design of these experiments in which DNA synthe
sis is studied in cells pre-treated with PDOH followed by
an extended incubation with DFMO is shown in Table 11.

The

procedure for synchronizing the cells in the presence or
absence of polyamine inhibitors involved two thymidine
treatments (32-48 h. and 56-72 h.), incubation with PDOH
from 0-48 h. and addition of DFMO at 48 and 72 h.

The

second 'S. phase is studied following release of the second
thymidine block

(72-80 h. in the overall protocol).
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FIGURE 11

Characterization of S Phase and Cell Proliferation
of Synchronized HeLa Cells

HeLa cell cultures were subjected to the double thymidine synchronization procedure and assayed for

H-thymidine

incorporation as described in MATERIALS AND METHODS.

Cells

were counted with a Royco automatic cell counter and checked
with a hemocytometer by the vital dye technique.
was greater than 98%.

Viability

122

PROLIFERATION

o

to

cvi

O

JC

LlI

H

<

o

m

00

s II oo Qoi »I U PI-H C loiud
<

O

00

TABLE 11

Procedure for Synchronizing HeLa Cells in the Presence
of Inhibitors of Polyamine Synthesis

Details are given in the text and in MATERIALS AND METHODS.
BME means complete
change of medium by washing in serum free medium followed by resuspension in complete
medium.
Incubation with 2-hydroxy-l,3-diaminopropane (PDOH) and «< -difluoromethyl
ornithine (DFMO) is incorporated into the synchronization procedure by addition of
these compounds to the cells at the times indicated.

Culture

0 h.

Control

BME

PDOH/DFMO

BME
+ 1 mM
PDOH

32 h.

48 h.

56 h.

72 h.

+ 2 mM TdR

BME _5
+ 10 M
AdR, CdR, GdR

+ 2 mM TdR

BME
+ 10 M
AdR, CdR, GdR

+ 2 mM TdR

BME
+ 10 5M
AdR, CdR, GdR,
+ 1 mM DFMO

+ 2 mM TdR

BME _5
+ 10 M
AdR, CdR, GdR,
+ 1 mM DFMO
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Figure 12 shows the results of the analysis of
ornithine decarboxylase activity during the S phase of
DNA synthesis in HeLa cells.

Control cultures treated

with 1 mM DFMO at the beginning of S phase showed no
increase in enzyme activity.

The marked increase in

enzyme activity is interesting and is probably the result
of serum supplementation in a synchronized cell culture.
Intracellular polyamines were determined in S phase
HeLa cultures and the results are shown in Table 12.

A

more severe reduction of polyamine concentrations was
found in these cultures after the extended period of
incubation with DFMO.

Intracellular putrescine and spermi

dine were completely eliminated.

Slightly more spermine

was found in the cells after the DFMO treatment than was
found following incubation with PDOH alone.

Unless sper

mine was synthesized or released from some covalently-bound
pool, the differences may be a reflection of differences
between the two experiments.

When polyamine-depleted cells

were supplemented with spermidine at the beginning of S
phase, a rapid uptake of spermidine and a significant
increase
DNA

in intracellular spermine occurred.
synthesis during the S phase studied
3

poration

of

H-thymidrne 0-8 h. after release

from the

second thymidine block.

by the incorof the cells

The addition of 1 mM DFMO
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FIGURE 12

Ornithine Decarboxylase Activity in S Phase HeLa Cells:
Inhibition by

-Difluoromethylornithine

Control HeLa cultures ( 0 ----- 0 ) were sychronized
according to the details given in Table 11.
DFMO to the control cells was at 72 h.

Addition of 1 mM

( O ----- O ).

Units of

ornithine decarboxylase activity (ODC) are nmol C02/h.
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TABLE 12

The Effect of Inhibitors of Polyamine Synthesis on the
Concentration of Polyamines in HeLa Cells
Synchronized for S Phase DNA Synthesis

Details for synchronization and treatment with 1 mM
PDOH followed by 1 mM DFMO are given in the text and in
Table 11. Subscripts refer to the time of the addition
of the compounds indicated.
Polyamine analysis is
described in MATERIALS AND METHODS.

Culture

Intracellular Polyamines

(nmol/10

cells)

Putrescine

Spermidine

Spermine

2. 83
1. 32
0.88
0.88
0.70

3.22
2.83
3.48
4. 14
2.23

4. 37
3. 18
4.37
5. 97
3. 02

ND
ND
ND
Tr
ND

ND
ND
ND
ND
ND

3.41
2. 15
2.71
2.04
2.60

Tr
ND
Tr
Tr

6.76
7. 94
6.18
5.41

4.51
3. 94
2. 96
3.16

Control
0
2
4
6
8

h.
h.
h.
h.
h.

PDOH /DFMO„
0
48,72
0
2
4
6
8

h.
h.
h.
h.
h.

pdoh

2
4
6
8

/d f m o 48/72/ s d
h.
h.
h.
h.

72
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at 72 h.

(to cultures which were pre-treated with 1 mM

PDOH for 48 h. and 1 mM DFMO from 48 to 72 h.) leads to
a severe reduction in DNA synthesis as shown in Figure 13
The reduction of DNA synthesis was reversible in the
presence of 1 mM DFMO when a mixture of polyamines
(Figure 14) or individual polyamines

(Figure 15) were

added to the cultures at the beginning of S phase.

It is

interesting to note that putrescine, when added at concen
trations higher than spermidine or spermine, can reverse
the effect of polyamine depletion on DNA synthesis.
studies with lymphocytes

In

(142,143) and HeLa cells (121)

treated with MGBG, putrescine concentrations increased
drastically and yet a severe reduction of DNA synthesis
persisted.

This discrepancy may be the result of other

effects of MGBG such as interference with the interaction
of putrescine in DNA synthesis.
That DFMO is incapable of the direct inhibition of
DNA synthesis at the concentration used in these experi
ments is shown in Figure 16.

When control cultures are

synchronized with the double thymidine procedure and
supplemented with 1 mM DFMO only after release from the
second thymidine block (72 h.), the resulting S phase is
normal with respect to DNA synthesis.

Addition of 1 mM
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FIGURE 13

S Phase DNA Synthesis in Synchronized HeLa Cells:
Effect of Extended Incubation with
-Difluoromethylornithine

Details for the protocol are given in the text and in
Table 11.

Analysis of

3
3
H-thymidine incorporation ( H-TdR)

is described in MATERIALS AND METHODS.
cultures

Synchronized control

( 9 -----• ) and polyamine-depleted cultures (PDOH,

0-48 h., DFMO, 48-80 h . ; O

O )/ were studied 0-8 h.

after release from the second thymidine block.

The values

are expressed as the means of triplicate analyses + S.E.M.
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FIGURE 14

Reversal of the Reduction of DNA Synthesis in PolyamineDepleted Cells by a Mixture of Polvamines

Details are the same as in Figure 13 for the analysis
of DNA synthesis in Control ( 0 ---- #
(O

O

); polyamine depleted

) ; and polyamine-depleted cells which were

supplemented with a mixture of polyamines
10 pM spermidine,

10 pM spermine,

A

(50 pM putrescine,

4)

at 72 h.
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FIGURE 15

Reversal of the Reduction of DNA Synthesis in PolyamineDepleted Cells by Supplementation with Individual Polyamines

Details are the same as in Figures 13 and 14 for the
analysis of DNA synthesis in Control cultures
polyamine-depleted cultures ( O

(

---- Q ) ,

O )/ or polyamine-

depleted cultures which were supplemented with 100 [oM
putrescine (SB
20 |jM spermine ( Q

B

) , 20 |oM spermidine ( &
Q

) , at 72 h.
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FIGURE 16

Effect of c< -Difluoromethylornithine and Spermidine
on DNA Synthesis in Control Cultures

Control cultures were synchronized by the double thymi
dine block and assayed for DNA synthesis as described in
MATERIALS AND METHODS.

DNA synthesis was measured at the

times indicated following reversal of the second thymidine
block.

Cultures were supplemented with:

( & ---- 0

no additions

) « 1 mM DFMO ( O -----O ) or 1 mM DFMO and 40 pM

spermidine ( A

A

) * at 72 h.
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DFMO and 40 pM spermidine at 72 h. to control cells also
results in a normal wave of DNA synthesis,

indicating that

the low concentration of spermidine is not adversely
affecting DNA synthesis.
When the polyamine-depleted cultures were compared to
control cultures there was a severe reduction in DNA synthe
sis in polyamine depleted cells and cell proliferation was
blocked (Figure 17).

The polyamine-depleted cells were

incubated for an additional 24 h. and they still failed
to proliferate.

This is due, most likely, to the incomplete

DNA synthesis in these cells (107).

Both the reduction of

DNA synthesis and the block on cell proliferation were
reversed in the presence of DFMO by addition of 40 pM
spermidine to the polyamine-depleted cultures at 72 h.
Note that there was a severe lag of 4-6 h. in the prolifer
ation of the polyamine-supplemented cultures (Figure 17).

DNA Synthesis in Isolated Nuclei

In order to obtain confirmation of our results with
3
.
H-thymidine incorporation m

whole cells as a true re

flection of DNA synthesis, experiments were initiated with
isolated nuclei from control, polyamine-depleted, and
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FIGURE 17

Relationship of DNA Synthesis to Cell Proliferation
in Polyamine-depleted and Control Cells

Details are given in the text and are identical with
those in Figure 14, for the analysis of DNA synthesis in
control cultures ( % ----- @ ), polyamine-depleted cultures
(O

O

)/ and polyamine-depleted cultures supplemented

with 40 jjM spermidine at 72 h.

^ ).

139

F R O L . I F EH A T S 0 U
O
w

IO

o
Cvt
Cft

CO

cvl

O

UJ

«=;
CO

CO

OJ

o
in

s II& 0 o i / a
9 /

o

to

pjL ~

H

c

locud

140
polyamine-supplemented cultures.

The synchronization

procedure and the schedule of additions of PDOH and DFMO
in cultures utilized for the isolation of HeLa cell nuclei
were essentially the same as for whole cell studies and
are described in detail in MATERIALS AND METHODS.
As shown in Figure 18, when nuclei were isolated and
analyzed for the incorporation of

3

H-thymidine-5'-phosphate

into acid-precipitable material, the resulting S phase DNA
synthesis in the polyamine-depleted cells

is severely

reduced in comparison to nuclei from control cells.
Addition of 40 pM spermidine to the cells at the beginning
of S phase failed to increase DNA synthesis in this
particular experiment.

(Reversal of the inhibition of

DNA synthesis in nuclei isolated from polyamine-depleted
cells to which spermidine was added at 72 h. was achieved
in some experiments but it was not always accomplished.)
Addition of up to 100 pM spermidine jLn vitro to the
nuclei isolated from polyamine-depleted cells also failed
to reverse the reduction of DNA synthesis

(data not shown).

In the course of performing experiments with spermidine
supplementation at earlier times, it was discovered that the
second addition of 1 mM DFMO at 72 h. was not necessary to
achieve the reduction of DNA synthesis in either whole cells
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FIGURE 18

DNA Synthesis in Isolated Nuclei from Synchronized
HeLa Cells

Details for synchronization and polyamine depletion
are given in the text and in Table 11.

Analysis of

3
3
H-thymidine-51-phosphate incorporation ( H-TMP)
isolated nuclei from control cultures
depleted cultures

(O

(&

in

A ), polyamine-

O ), and polyamine-depleted cultures

supplemented with 40 |jM spermidine at the beginning of S phase
(72 h..
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AND METHODS.
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or isolated nuclei.

Furthermore/

it was found that if

40 |jM spermidine was added to polyamine-depleted cells
at 48 h.

(together with the first addition of 1 mM DFMO),

the DNA synthesis in isolated nuclei from these cells was
in most experiments comparable to DNA synthesis by isolated
nuclei from control cells.

The comparison of DNA synthesis

in whole cells and in isolated nuclei in this revised
system is shown in Table 13.
This experiment demonstrates the failure of the
addition of spermidine at 72 h. to stimulate DNA synthesis
in isolated nuclei while DNA synthesis in whole cells is
stimulated by spermidine.

The failure to achieve a reversal

of the effect of polyamine-depletion in isolated nuclei may
be related to losses of polyamine-dependent factors

(or

breakdown of polyamine-dependent complexes) during the
isolation of nuclei.

Reversal of the inhibition of DNA

synthesis in polyamine-depleted cells and nuclei from
polyamine-depleted cells was accomplished when spermidine
was added after the second thymidine block at 48 h . , as
indicated in Table 13.
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TABLE 13

Comparison of the Reversal of the Inhibition of DNA
Synthesis in Whole Cells and Isolated Nuclei

Details for synchronization, polyamine-depletion, and
analysis of H-thymidine incorporation (3H-TdR) in whole
cells, and 3H-thymidine-5'-phosphate (3H-dTMP) in isolated
nuclei have been described.
Subscripts refer to the times
when the various compounds were added in the overall pro
cedure as described in Table 11. Analyses were performed
4 h. after the initiation of S phase DNA synthesis.
DNA Synthesis

Culture
dTMP
(pmol/10

nuclei)

H-TdR
6
(pmol/10 cells)

Control

9.2

6.5

PDOH /DFMO
0
48

4. 3

1.8

3.4

4.8

7.7

8.6

p d o e l /d f m o

0/

48

/s d

72

PDOH /DFMO /SD„0
0
48
48

IV. SUMMARY

The activity of ornithine decarboxylase in HeLa
cell suspension cultures was stimulated by the dilution
of high density cultures with fresh BME medium containing
10% (v/v) horse serum.

Exogenous addition of diamines and

polyamines at the time of dilution resulted in the inhibi
tion of ornithine decarboxylase activity in a dose-dependent
manner.

The naturally occurring "polyamines" putrescine,

spermidine and spermine were found to be more potent inhi
bitors of the enzyme than the non-physiological diamines
1,3-diaminopropane
(PDOH).

(PD) and 2-hydroxy-l,3-diaminopropane

Complete elimination of ornithine decarboxylase

activity was accomplished by exogenous addition of 0.5 pM
spermidine or spermine and 10 pM putrescine.

Much higher

concentrations (1.0 mM) of the non-physiological diamines
were required to cause a complete inhibition of the enzyme
activity in refed cultures.
The induction of a non-diffusihle, heat-labile
inhibitor of ornithine decarboxylase

(comparable to the

ornithine decarboxylase-antizyme) was accomplished by
exogenous addition of diamines and polyamines to HeLa cell
suspension cultures.

Maximum production of the inhibitor
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by addition of high levels (5-10 mM) of diamines and
polyamines was achieved with high density cultures within
2 h. after a complete medium change-

Quantitation of the

ornithine decarboxylase-antizyme following the addition of
low amounts of naturally occurring "polyamines"

(0.10-50 pM)

and non-physiological diamines (0.10-1.0 mM) to nutrientstarved cultures demonstrated a dose-dependent correlation
between the inhibition of ornithine decarboxylase and the
induction of ornithine decarboxylase-antizyme.

This experi

ment indicates that the antizyme mechanism is sufficient to
account for the inhibition of ornithine decarboxylase by
diamines and polyamines.
Since PDOH is not normally present in HeLa, incu
bation of HeLa cells for 48 h. in medium supplemented with
1.0 mM PDOH resulted in a reduction of the intracellular
polyamines.

Intracellular putrescine was eliminated and

spermidine and spermine levels were reduced by 86% and 69%
respectively.

The reduction of intracellular polyamines was

associated with a complete cessation of HeLa cell prolifera
tion indicating that the amounts of intracellular polyamines
found in control cells (no inhibitor) are required for
successful completion of the HeLa cell cycle.

When PDOH was

removed by changing the medium, a return of polyamine
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synthesis and cell proliferation occurred.
In order to determine if the polyamines are required
for the synthesis of DNA in the S phase of the HeLa cell
cycle, a protocol was designed for the synchronization of
the cells for S phase in the presence of inhibitors of
polyamine synthesis.

HeLa cell cultures were incubated

with 1.0 mM PDOH for 48 h. followed by 24 h. incubation
with 1.0 mM DFMO.

Synchronization of the cells in the

presence of the inhibitors was accomplished by the exo
genous addition of 2.0 mM thymidine during the second and
third day of inhibitor treatment such that S phase DNA
synthesis was studied following the DFMO treatment.
HeLa cells which were synchronized for S phase in
the presence of inhibitors of polyamine synthesis were
found to be deficient in the synthesis of DNA as monitored
by the incorporation of
material.

3
H-thymidme into acid-precipitable

This deficiency was associated with a complete

block of cellular proliferation.

The deficiency in DNA

synthesis and the block of proliferation were reversible
in the presence of 1.0 mM DFMO by the exogenous addition
of low amounts (10-50 pM) of the naturally occurring "poly
amines" at the beginning of S phase.
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In order to establish the effects of polyamine-depletion
on DNA synthesis by another method, nuclei from polyaminedepleted cells -which were synchronized for S phase were
isolated by homogenization in hypotonic buffer and assayed
for DNA synthesis by measuring the incorporation of

3

H-

thymidine-5'-phosphate into acid-precipitable material.
Nuclei from these cells were found to be deficient in DNA
synthesis.

Attempts to reverse this deficiency by addition

of spermidine (found to be most efficient with whole cells)
to the isolated nuclei from polyamine-depleted cells were
unsuccessful.

Addition of 40 p.M spermidine to HeLa cells

together with DFMO was found to reverse the deficiency in
DNA synthesis in isolated nuclei provided that the spermidine
was added 28 h. prior to isolation of the nuclei.

Addition

of spermidine to the cells 4 h. before the isolation of
nuclei failed (in most cases) to reverse the deficiency.
The experiments with inhibitors of polyamine synthesis
in this dissertation indicate that polyamines are essential
for successful progression through the cell proliferation
cycle in HeLa cells.

The failure of polyamine-depleted

cells to complete the S phase of the cycle provides evidence
that the polyamines are required for DNA synthesis.

The

reversal of this deficiency by polyamine supplementation
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restored the normal kinetics of S phase DNA synthesis
in whole cells.

The lag in cell proliferation and the

necessity of supplementing the cells with spermidine
28 h. prior to the isolation of nuclei indicates that
there may be other polyamine-dependent phenomena in the
HeLa cell cycle.
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